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1.1  THE USE OF DIGITAL MODELS IN ORTHODONTICS
The digital revolution that has occurred in recent decades has also impacted 
orthodontics significantly. The orthodontist now has an arsenal of digital 
documentation at his disposal that facilitates orthodontic diagnosis, treatment 
planning, and treatment follow-up. Digital radiographs and digital photographs 
have replaced conventional methods of physical imaging, and concomitant cone 
beam computed tomography (CBCT) is being increasingly employed.
Following this development, plaster models are now rapidly replaced by 
digital models. Digital models have several advantages such as: accuracy and speed 
in obtaining data for diagnosis; no physical space needed for storage; possibility of 
information transfer through a digital environment; easier orthodontic analysis; 
and creation of virtual setups, simulating different treatment modalities using the 
same digital model.1-5 In a globalized world, with communication facilitated by the 
advancement of the internet, the use of digital documentation is greatly desired. 
When working with digital documentation, images can be shared between 
several professionals, making it possible, for example, that an orthodontist and 
a maxillofacial surgeon can discuss and visualize the treatment alternatives 
of a surgical case without leaving their offices. In addition, a virtual planning 
simulation with its respective sequence of procedures is a good communication 
tool when discussing the treatment options with the patient.
Contemporary orthodontists utilize the technologies available to overcome 
past communication barriers, optimize patient control, and consequently increase 
productivity. The replacement of plaster models by digital models is the last step 
in the creation of a complete digital record of the patient, since other components 
of orthodontic documentation, such as photographs, radiographs and CBCTs, are 
already routinely used in a digital form. The orthodontist who intends to work 
with full digital technology for treatment planning in his office should use digital 
documentation, including digital models; be capable to work with orthodontic 
software programs; and pursue a 3D printer to print the models and required 
appliances.  
Some disadvantages of the use of digital models in orthodontics would be 
the cost of digital model creation, lack of familiarity with and training in the use 
of digital planning software and the lack of tactile sense.6-8 In addition, as they are 
files, digital models can be accidentally deleted or damaged by viruses, and the 
orthodontist can lose them forever if the files are not safely back upped preferably 
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in the internet cloud. Furthermore the files of digital models often are not 
interchangeable between software programs, due to specific proprietary formats.
Digital models can be considered the new gold standard in orthodontic 
practice. When comparing measurements performed with digital calipers on 
plaster models and digital measurements using software program tools on digital 
models the reliability is comparable.9 In the year 2014, 35% of the graduate 
programs in Orthodontics of the United States of America and Canada used 
digital study models in the majority of cases treated with a tendency to increase 
their use in the future.6 
In order to be used safely in the clinical routine, the orthodontist must at 
least be assured of a clinically acceptable accuracy in the acquisition of digital 
models, the use of software programs and the printing of models by 3D printers. 
The search for these answers is the main objective of this thesis.
1.2  ACQUISITION METHODS OF DIGITAL MODELS: 
INDIRECT METHODS
The digital model can be acquired by indirect and direct methods.10 In the 
indirect method, an impression of the patient’s dentition has to be taken and the 
impression or the plaster model is scanned to acquire a digital model. In the direct 
method, there is no need for impression taking, the digital model can be acquired 
by intraoral scanning or from the patient’s CBCT.
1.2.1 Plaster model scanning
Since the use of a plaster model is part of the routine of every orthodontic practice, 
its scanning is still the most commonly used method, mainly because of the ease 
and low costs of obtaining a plaster model from the patient. Plaster models may 
not represent the actual size of the teeth, due to possible dimensional changes of 
the material during the preparation and during the impression taking; however, it 
is still considered the gold standard in orthodontics.
When performing the scanning of plaster models, these should represent 
a real copy and show a correct inter-occlusal relation of the patient’s dentition. 
Digital model software programs present tools that can correct possible positive 
or negative ‘bubbles’ and interarch mismatches.
Leonardo_Camardella.indd   14 13-02-19   13:23
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There are several technologies available for the plaster model scanning 
process, with the most widespread being laser surface scanning, structured light 
scanning and computed tomography (CT) (Fig 1.1).1,3,8,11-16 Fundamentally, a 3D 
scanner consists of a light source with one or more cameras and a multi-axis motion 
system to facilitate the capture of the object to be scanned. The light source projects 
well-defined lines on the surface of the object and the camera captures the images. 
Based on the distance and angle of these lines between the camera and the light 
source, point-to-point mapping is obtained, generating a cloud of points. The cloud 
of points obtained from all lines captured by the camera requires post processing, 
smoothing, filtering, dot triangulation and mesh generation. The generation or 
triangulation of points is an automatic process of connecting the three closest 
points to form a triangle.17 This process is repeated until the entire cloud of points 
forms a network of triangles representative of the surface of the object (Fig 1.2).
Figure 1.1 Scanning of plaster models. (A) R700 laser scanner (3Shape®, Copenhagen, Denmark) with 
occluded models, (B) Flash CT scanner (Hytec Inc.®, Los Alamos, NM, USA) without occluded models, (C) 
Structured light 3D scanner Maestro MDS300 (AGE Solutions®, Pisa, Italy) with occluded models.
Figure 1.2 Point triangulation of a digital model.
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In laser and structured light scanners, the sequence of scanning of plaster 
models often is scanning the maxillary model, the mandibular model and then the 
occluded models to obtain the interarch relationship of the digital models (Figs 
1.3 and 1.4). In the CT scanner, the maxillary and mandibular models and the 
wax bite registration are scanned simultaneously, and the interarch relationship is 
subsequently determined by the technician with the aid of a specific program using 
the scanned wax bite as a reference. At the end, the sagittal, vertical and transverse 
adjustment of the intercuspation, finishing (removal of bubbles and irregularities) 
and creation of the maxillary and mandibular virtual bases are performed.
Figure 1.3 Sequence of plaster models scanning in a laser scanning. (A) Maxillary model scanning, (B) 
Mandibular model scanning, (C) Scanning of the models in occlusion.
Figure 1.4 Digital models made by scanning a plaster model.
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Laser and structured light scanners have common advantages and 
disadvantages. Their main advantages are: small dimensions, which facilitate its 
portability, less expensive compared to CT scanners, and the determination of the 
intercuspation of the digital models at the moment of the scanning. Disadvantages 
are that these scanners need a longer scanning time and data processing than CT 
scanners.
CT scanners have some advantages, such as the speed of scanning. 
Therefore, it is a very productive type of scanner in orthodontic labs that have a 
high scanning volume. However CT scanners present some disadvantages such 
as: high cost, occupy ample space and emit radiation. Another disadvantage is the 
need to establish the intercuspation after the scanning of the models, using the 
scanned bite registration as the reference, which adds a degree of subjectivity of 
the operator during the digital models interarch adjustment. 
1.2.2 Impression scanning
The scanning of impressions is another (indirect) method to acquire digital 
models. In order to obtain the registration of the occlusion by the impression 
scanning method, it is also necessary to scan the bite record,4,16 while in plaster 
models or in intraoral scanning methods, the occlusion is facilitated by the direct 
dental intercuspation during the scanning technique. The scanning sequence of 
impression scanning involves scanning the maxillary arch impression, scanning 
the mandibular arch impression, scanning the bite registration, virtual positioning 
of the bite record in the maxillary and mandibular arches and definition of the 
interarch relationship.
The accuracy of the digital models depends initially on the accuracy 
of the impression. Alginate is the most commonly used impression material 
for orthodontic diagnosis, because it is cost effective, easy to use and relatively 
accurate. The impression, when scanned, must have, in addition to precision, 
dimensional stability between the interval of impression taking and the scanning. 
Alginate, however, does not have great dimensional stability, although there are 
alginates on the market that maintain dimensional stability for up to 100 hours, 
such as Kromopan 100 (Kromopan USA, Morton Grove, Illinois, USA).16
The American Dental Association specifies that elastomeric impression 
materials should have a dimensional change of less than 1.5% within 24 hours.18 
There are doubts as to the dimensional variability that may occur with alginate 
during storage when subjected to extremely hot or cold temperatures during 
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transit between the orthodontic practice and the impression scanning laboratory. 
Therefore, alginate molding must be performed within a short time, respecting the 
dimensional stability recommended by the manufacturer.
If the orthodontist sends an impression to be scanned by an orthodontic lab, 
it is more prudent to use polyvinylsiloxane (PVS) material than alginate, due to its 
greater dimensional stability,18 especially if the storage period exceeds 100 hours. 
PVS is an excellent material for intraoral impression taking because of its high 
dimensional stability, detailed reproduction and precision.16 The disadvantages are 
the higher cost compared to alginate15 and the greater difficulty of higher retention 
when the impressions are made in patients with fixed appliances.16
1.3  ACQUISITION METHODS OF DIGITAL MODELS: 
DIRECT SCANNING METHODS
The acquisition of digital models by the direct method can be performed through 
a CBCT of the patient or by intraoral scanning.
The CBCT provides information that is not available from digital models, 
such as the position of impacted teeth, root length and anatomy, bone level and 
thickness, and evaluation of the temporomandibular joint. However, obtaining 
digital models from the CBCT (Fig 1.5) exposes the patient to a high dose of 
radiation,13 while the dental morphology is not so precise with this technique, 
due to the presence of artifacts, such as metal restorations or braces. It is against 
the ALARA principle to expose a patient to unnecessary radiation with CBCT for 
the sole purpose of obtaining a digital model.19 In this case, intraoral scanning 
presents an excellent alternative for obtaining the digital model by the direct 
method, including a better detailing of the dental anatomy, especially of the 
occlusal surfaces.19
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Figure 1.5 Digital model acquired from the CBCT.
Intraoral scanning is an easy tool for the orthodontist for rapid acquisition 
of a digital model, when compared to the indirect method, where it is necessary 
to make an impression of the patient. This procedure eliminates the conventional 
impression taking drawbacks as gag reflex, patient anxiety and discomfort, and 
the need of storing impression trays and impression material. There is no need 
to make a physical bite registration with this method, so there will be no material 
placed between the maxillary and mandibular teeth, which may reduce the risk 
of an incorrect interocclusal relationship.4,16 Patients prefer the newer technology 
of digital impressions over alginate impressions due to greater comfort, however, 
intraoral scanning requires more chairside time than the alginate impression 
method.20 Scanning of the dentition with an intraoral scanner can also be in color, 
which increases the information for the orthodontist (Fig 1.6).
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Figure 1.6 Digital model acquisition by a color intraoral scanning.
The intraoral scanner digitalizes the patient’s oral cavity directly and sends 
the data to a computer, therefore there is no need to physically pack and send the 
impression trays to be scanned in a dental laboratory. There are several intraoral 
scanner systems, but the scanning protocol is comparable: scan the maxillary arch 
placing the scanner on the teeth on its occlusal, buccal and lingual surfaces, from 
the posterior to the anterior; scan the mandibular arch in the same sequence; 
and scan the occlusion in maximum intercuspation, with the scanner positioned 
buccally at the left and right side of the dentition.21 The scanner software itself 
aligns the arches in occlusion automatically (Fig. 1.6).
Despite all advantages, intraoral scanners present some difficulties. These 
are related to the dimensions of the scanning tip, the interference between the tip 
and the patient’s coronoid process, and moisture control. The maintenance of a 
dry field during scanning of posterior teeth, especially in the third molar region 
in patients with limited mouth opening and the scanning of the bottom of the oral 
cavity can be also difficult. However as scanning technology continues to evolve, 
the scanning process will become faster and the design of a thinner scanning 
tip may improve patient comfort and hence increase patient acceptance of the 
scanning procedure.21
The need for training prior to its use and the high cost of the equipment, 
still make orthodontists hesitating to start using intraoral scanning. In addition, 
the technology of intraoral scanners may change really fast, therefore, replacement 
of this device might need to be considered every 3 to 6 years. 
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1.4  ACCURACY AND RELIABILITY OF DIGITAL 
MODELS
Several studies have verified the accuracy and reliability of digital models from 
a variety of acquisition methods, such as laser scanning of plaster models,1-3,22-24 
laser scanning of impressions,22,25,26 CT scanning of impressions,4,15,16 intraoral 
scanning,4,10,21,27,28 and from the CBCT of the patient.11,13,23,29 The majority of the 
studies did not identify clinically significant differences in the measurements on 
digital models compared to plaster models, except for a few studies.15,16 Some 
studies that found statistically significant differences in the measurements on 
plaster and digital models concluded that the dimensions as measured on the 
digital models were larger,2,3,8,28 whereas other studies found smaller values in the 
measurements on the digital models.1,24
Several studies comparing plaster models with digital models have concluded 
that reliable measurements can be obtained for intermolar and intercanine 
distance,8,22-24 mesiodistal diameter,8,11,21-23,28 crown height,21,24 overjet,3,8,21,22,24 
overbite,3,21,22,24  and arch length.8,23,24 These studies concluded that digital models 
are clinically acceptable, despite the occurrence of some statistically significant 
differences. It is speculated that variability of results between the different studies 
may be due to examiner technique errors,30 properties of the materials,30 and the 
inevitable differences between the software programs used.3
The orthodontist should have confidence in the use of digital models in 
clinical practice. Following this reasoning, the different digital models acquisition 
methods should be accurate compared to the conventional method using plaster 
models. The measurements performed in the different available software programs 
for orthodontics should also be accurate. 
1.5 DIGITAL PLANNING IN ORTHODONTICS
There are a lot of software programs available for digital planning in orthodontics. 
In general, these software programs can show the model in different views, the 
model can be enlarged using the zoom function, the images can be sectioned to 
evaluate the overjet and overbite using cross-section functions, and a customized 
digital arch form can be created. Most software programs for analyzing digital 
models are able to show occlusal contacts and can be used to make point to point 
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or point to plane measurements. A few dental model analyses such as the Moyers 
and Bolton analysis can be made, however, not all software programs automatically 
provide the peer assessment rating index (PAR index) or the index of the American 
Board of Orthodontics (ABO) analysis. 
These programs can also be used to simulate an orthodontic treatment 
through a virtual setup. The setup can be didactically divided into diagnostic or 
therapeutic setups. The diagnostic setup is used to simulate orthodontic treatment 
options such as the need for tooth extractions or interproximal stripping to 
acquire more details for the planning and to improve the communication and 
understanding of the treatment plan for the patient. With these simulations, 
possible therapeutic objectives can be evaluated. Therefore, a setup is a diagnostic 
tool that can be used to confirm, modify or reject a suggested treatment plan, which 
can be valuable especially in complex cases. The therapeutic setup can be used for 
the same mentioned purposes, but, moreover, it helps to execute the treatment due 
to the possibility of production of prefabricated orthodontic appliances, indirect 
bonding trays, custom wires and thermoplastic aligners.31,32 
The setup can also be made on plaster models, but the procedure of making 
a virtual setup is less time consuming, compared to the conventional setup in 
plaster. For making a virtual setup, no actual cutting of the plaster and positioning 
of the dental crowns in wax is needed. Therefore, setup accuracy can be improved 
if digital dental models are used, because a possible loss of the tooth structure 
during the cutting process of the plaster will be avoided during the digital dental 
crown separation procedure. The virtual teeth are cut from the model, using virtual 
segmentation techniques, according to the specific software used. This process is 
performed semi-automatically by several programs, but a manual improvement of 
the suggested segmentation lines is still needed. The time consuming lamination 
and polishing of the dental wax, as used for traditional setups, is not needed 
for virtual setups.5 Plaster model duplication as used for traditional fabrication 
of a setup, is also not needed.33 In the conventional setup, the dental arch form 
is planned using a brass wire or pre-established wire shape diagrams. In virtual 
setups, the arch form can be easily adjusted using software tools that create an 
individual digital arch form.5
In a virtual setup, dental movement simulating an orthodontic treatment 
can be quantified and visualized in all directions, and can be easily redone when 
required. In a conventional setup, dental changes can be compared to the original 
plaster model. In a virtual setup, the differences between the original position of 
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the dentition and tooth movement planned for the orthodontic treatment can be 
visualized by model superimposition and shown to the patient. With digital models 
it is even possible to generate a simulation video showing the planned movements 
of the teeth. This virtual setup facilitates efficient communication between the 
orthodontist, patient and dental professionals. If a proposed treatment plan is not 
accepted, an alternative plan can be available in minutes.5 
It is important to evaluate if the virtual setup is clinically accurate and can 
replace the conventional setup made from plaster models. As cited before, setups 
can be used to guide an orthodontic treatment. After completion of a virtual setup, 
custom brackets and custom indirect bonding trays can be designed for buccal and 
lingual fixed appliances.31,34 Usually indirect bonding trays consist of a customized 
occlusal cap and a bracket mounted connector prototyped by a 3D printer. A set of 
individual wires, can be bend by a wire-bending robot to complete the individual 
tooth movement system. The virtual setup can also be used to produce sequential 
prototyped models, which are the basis of alignment systems that can move teeth 
gradually with thermoplastic aligners in order to correct malocclusions.35 These 
printed orthodontic devices should be accurate as well, therefore the accuracy of 
the available 3D printing techniques must be tested to improve the confidence 
in the use of 3D printers in orthodontic clinical practice. Table 1.1 illustrates the 
advantages and disadvantages of conventional and virtual setups. 
A potential obstacle for the transition to virtual treatment planning and 
digital appliance design may be that software programs are more expensive, 
including the initial cost and the support and upgrade software fees. Another 
problem is the adequate training of the orthodontist to use this new technology.
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Table 1.1 Summary of characteristics of conventional and virtual setups.
Conventional Setup Virtual Setup
More time-consuming Less time-consuming
Difficult to duplicate Easy to duplicate
Potential of tooth fracture during separation Effective digital segmentation of the teeth
Dental arch form planned using a brass wire or 
diagram
Dental arch form planned digitally
Need for dental and facial references Digital references and quantification of the 
movements of all teeth
Physical comparison with initial dental model Comparison with initial model via digital 
superimposition
Enables only one setup from each model Enables different treatment plans on the same model
Conventional orthodontic analysis Analysis facilitated by software programs
Need for storage space Digital storage and a copy in the cloud
Deteriorates over time Easy digital back-up maintaining the same quality
Difficulty of sharing diagnostic information with 
other professionals
Easy transfer and sharing of dental models and 
setups via the internet
Verbal communication requiring the presence of 
dental professionals and patient
Efficient digital communication between the 
orthodontist, patient and dental professionals
Used only for treatment planning Also used to design and make custom appliances 
(aligners, fixed appliances) and evaluation of 
treatment progress and result
Difficult to reproduce the same setup Possibility to reproduce the same setup according to 
the pre-determined records of movements
CBCTs cannot be combined with plaster models CBCTs can be combined with the digital models to 
make a virtual head
1.6  ACCURACY OF DIFFERENT 3D PRINTING 
TECHNIQUES
3D printing has been hailed as a revolutionary technology, because it shortens 
manufacturing lead time, reduces costs, and allows printing of items with complex 
structures. Used in aerospace, industry, art and design, CAD–CAM (computer-
aided design, computer-aided manufacturing) technique is becoming a subject of 
great interest in dentistry and in orthodontics. The term 3D printing is generally 
used to describe a manufacturing approach that builds objects one layer at a time, 
adding multiple layers to form an object. This process is more correctly described 
as additive manufacturing, and is also referred to as rapid prototyping.36 An 
advantage of 3D printing is that patient data may be digitally archived, and only 
printed when needed, with great savings in physical storage space.
For 3D printing, it is paramount to work with CAD software programs that 
create objects to print. 3D model data is decomposed into thin cross-sectional 
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layers, followed by physically forming the layers and stacking them up. Following 
a sequence of procedures, it is possible to have an accurate printed model in 
orthodontics if the digital model acquisition method and the CAD software 
are both accurate. Figure 1.7 describes a workflow in orthodontics using digital 
technology.
Figure 1.7 Workflow of orthodontic planning using digital models.
Precise 3D printers and high-resolution printing materials are needed to 
fabricate a series of printed models for an aligner treatment, or custom orthodontic 
appliances such as custom brackets and indirect bonding trays. Recently the digital 
production of conventional metallic orthodontic appliances was introduced, such 
as individual molar bands, lingual arches, transpalatal arches, Hyrax and Herbst 
appliances.37
Many different printing techniques exist, each with their own advantages 
and disadvantages. Unfortunately, common features of most 3D printers are 
the high cost of the equipment, the materials, maintenance and repair, often 
accompanied by a need for messy cleaning to remove the support materials.36 In 
some instances, 3D printed products require post processing to ensure smooth 
surfaces. Also, resin can cause inflammation by skin contact and inhalation. 
Before buying a 3D printer several factors besides resolution of the dental 
model have to be considered, such as printer size, cost (initial cost of the printer, 
print material, and support fees), maintenance (including lead times for repair), 
volume of the objects which can be printed, average printing time, and the need 
for post curing and post processing of the printed objects. 
The most commonly used techniques for printing dental models are 
stereolithography (SLA), digital light processing (DLP), photopolymer jetting 
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(Polyjet), and fusion deposition modeling (FDM) printing. A light cured resin 
is used in both SLA, DLP and Polyjet techniques. In the SLA technique, a light 
sensitive polymer is cured layer by layer by an ultraviolet laser light in a vat of liquid 
polymer. The DLP technique is similar to SLA, but, instead of a laser, a digital light 
projector is used to cure the material layer by layer on an elevating platform in an 
upside down direction. By definition, both SLA and DLP are stereolithography 
type 3D printers. DLP is faster compared to the SLA technique because in the 
SLA the laser can cure only a small area at a time, while, in the DLP technique, 
the light projector cures an entire layer at a time.38 Although faster, printing full 
volume with DLP introduces tradeoffs in resolution and surface finish with large 
parts, or sets of many smaller finely detailed parts. In the Polyjet technology, a 
light sensitive polymer is jetted onto a build platform from an inkjet type print-
head, and cured layer by layer on an incrementally descending platform. The FDM 
technique uses a thermoplastic material which is extruded through nozzle onto a 
build platform.36
A disadvantage of the SLA and DLP processes is the necessity to post cure the 
printed parts to improve the stability of the printed object, since the light sources 
of the printing devices cannot cure the printing material completely.39 Therefore 
the model is then removed from the bath and cured for a further period of time 
in an ultraviolet light cabinet. Dental models printed with the Polyjet printing 
technique are fully cured during the building process, and post curing is not 
needed. Data distortion during data conversion and manipulation to convert the 
digital surface information to the stereolithography file format and the subsequent 
model shrinkage during the building and post curing period in the SLA and DLP 
techniques may further influence the accuracy of the printed models.
According to a study, the Polyjet and DLP techniques were more precise 
than the SLA and FDM techniques, with the Polyjet technique exhibiting the 
highest accuracy for 3D printing of models. The FDM technique presented the 
least precision of the tooth measurements between the 3D printers studied. The 
SLA technique was more accurate than the DLP technique for tooth measurements 
and arch measurements, but it was less precise than the DLP technique.38 However 
the authors stated that the 4 printing techniques tested may be safely used for 
orthodontic purposes.
An objective of printed models is to substitute the plaster models as a 
diagnostic tool in orthodontics. According to a study,40 plaster models generally 
have smooth surfaces and show well-defined boundaries of the interproximal 
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contact points and cervical margins, which demarcate the anatomy of each tooth 
from the adjacent teeth and from the gingival margins. On the other hand, the 
surfaces of the printed models are coarse. The cervical margins, fissures, fossae, 
and cuspid tips on printed models are less defined than on plaster models. 
Furthermore, interproximal contact points are also less demarcated, with 
additional artifacts observed especially in areas close to the undercuts between 
overlapping teeth, resulting in loss of anatomical details on the printed model. 
However the reduced detailing was found not to affect the clinical measurements 
for tooth sizes and arch dimensions.40 
It is clear that 3D printing will have an increasingly important role to play in 
dentistry. The congruence of scanning, CAD software programs and 3D printing 
technologies, along with the professions innate curiosity and creativity make this 
an exceptional time for orthodontists for the use of digital technology.
1.7  RATIONALE AND RESEARCH QUESTIONS FOR 
THE PRESENT PHD STUDY
Nowadays, in orthodontics, it is possible to use a digital documentation, make a 
digital planning and print dental models and orthodontic devices using digital 
technology. For this purpose, the knowledge of the most accurate digital model 
acquisition method is paramount when switching from conventional plaster 
models to digital models. Furthermore the digital planning with a virtual setup 
and the printing techniques for models should also be accurate. This PhD project 
aims to investigate the accuracy of digital model acquisition methods, digital 
planning software, and 3D model printing techniques. We wanted to answer the 
following research questions:
• What is the difference in the accuracy and reliability of digital models 
generated using surface laser and CT scanners compared with plaster models? 
Furthermore, what are the measurement accuracy differences between two 
different software programs? (chapter 2)
• What is the accuracy and reliability of digital models obtained from 
polyvinylsiloxane (PVS) impressions scanned with a surface laser scanner? 
Does the time elapse between the impression procedure and the actual 
scanning of the impression influence the accuracy of the digital models? What 
is the influence of the type of soft putty PVS material on the accuracy of the 
digital models? (chapter 3)
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•  What are the differences between diagnostic conventional and virtual setups? 
Can different model superimposition methods influence the accuracy and 
predictability of diagnostic conventional and virtual setups? (chapter 4)
• What is the accuracy of the use of wire shape diagrams on plaster models and 
customized digital arch forms on digital models? (chapter 5)
• Are measurements made on printed models with the SLA printing process, 
made after intraoral scanning of the dentition, clinically comparable to the 
same measurements on plaster models, acquired from alginate impressions of 
the dentition in the same subjects? (chapter 6)
• What is the accuracy of printed models with different model base designs made 
with two types of 3D printing techniques: SLA and Polyjet methods? (chapter 
7)
1.8 OVERVIEW OF THE STUDIES IN THIS THESIS
In chapter 2 the differences of acquisition methods with laser surface scanners 
and CT scanners are discussed and the accuracy and reliability of their respective 
generated digital models are evaluated. Furthermore two software programs 
(Digimodel (OrthoProof, Nieuwegein, The Netherlands) and Ortho Analyzer 
(3Shape, Copenhagen, Denmark)) are compared to evaluate if the measurements 
made in both programs are similar.
For the study in chapter 3 the digital model acquisition method of PVS 
scanning is explained and its advantages and disadvantages are discussed. We 
investigated if the time elapsed during the impression taking and the impression 
scanning (5, 10 or 15 days) influences the accuracy of the digital model. Two 
different viscosities of soft putty material (regular and light) were also evaluated 
to find out if one material could produce a more accurate digital model than the 
other. 
The study in chapter 4 aimed to compare the accuracy of conventional 
setups made on plaster models and virtual setups on digital models by model 
superimposition, in a sample of 10 treated cases. Both setups were also compared 
with the final treatment result to estimate their predictability. The comparison 
between each setup and the posttreatment models was performed using two 
different superimposition methods: whole surface best fit method (WSBF) and 
regional palatal rugae registration best fit method (PRBF). The accuracy differences 
Leonardo_Camardella.indd   28 13-02-19   13:24
1General introduction
29
between the models and between the superimposition methods are discussed.
In chapter 5 we aimed to investigate, in a sample of 20 pairs of models, if 
digital customized arch forms defined in the software Ortho Analyzer are similar 
to the arch form diagram selected on plaster models. Three examiners defined the 
arch form with these two methods and the agreement and accuracy between the 
examiners and the methods were evaluated.
In chapter 6 we developed a study to compare the accuracy of two methods 
of physical model acquisition: plaster models from alginate impressions and 
printed models from intraoral scanning. Selected measurements were performed 
on the plaster and printed models using a digital caliper. The results of this study 
can clarify if it is possible to replace the conventional method of physical model 
acquisition for the new method using digital technology.
In chapter 7, we compared the accuracy of printed models from intraoral 
scans with different designs of model bases, using 2 types of 3D printing techniques 
(SLA and Polyjet). For this purpose, three types of model base design were created: 
regular base, horseshoe-shaped base, and horseshoe-shaped base with a bar 
connecting the posterior region. With this study, we aim to evaluate the influence 
of base design and 3D printing techniques on the accuracy of printed models.
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Abstract
Objective: The aim of this study was to compare the accuracy and reliability of 
measurements performed using two different software programs on digital 
models generated using two types of plaster model scanners (a laser scanner and 
a computed tomography (CT) scanner). 
Methods: Thirty plaster models were scanned with a 3Shape laser scanner and with 
a Flash CT scanner. Two examiners performed measurements on plaster models by 
using digital calipers and on digital models by using Ortho Analyzer (3Shape) and 
Digimodel (OrthoProof) software programs. Forty-two measurements, including 
tooth diameter, crown height, overjet, overbite, intercanine and intermolar 
distances, and sagittal relationship, were obtained. 
Results: Statistically significant differences were not found between the plaster 
and digital model measurements (ANOVA); however, some discrepancies were 
clinically relevant. Plaster and digital model measurements made using the two 
scanning methods showed high intraclass coefficient correlation values and 
acceptable 95% limits of agreement in the Bland-Altman analysis. The software 
used did not influence the accuracy of measurements. 
Conclusions: Digital models generated from plaster casts by using laser and CT 
scanning and measured using two different software programs are accurate, and 
the measurements are reliable. Therefore, both fabrication methods and software 
programs could be used interchangeably.
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2.1  INTRODUCTION
Dental study models in plaster have been an essential part of patient records in 
orthodontics. They are valuable tools for diagnosis and treatment planning and 
enable dynamic assessment of treatment progress in clinical cases.1 However, 
plaster models present some problems such as storage, breakage, and loss.2,3 The 
use of digital models in orthodontics has increased because of their advantages, 
and they would probably replace the traditional plaster models in the future. 
In the last two decades, the methods, techniques, and software programs used 
for three-dimensional scanning of plaster models and dental impressions have 
been continuously improved. Plaster models can now be scanned using different 
scanning methods, such as laser scanning, structured light scanning, or computed 
tomography (CT) scanning. In laser scanning systems, receivers capture laser 
beams that reach the object. These systems typically operate with three, four, or 
more different laser beams. The scanning software can record the time interval 
between the emission and reflection of the laser beams to capture images of 
objects such as dental impressions or plaster models. CT scanners provide 
information about both superficial and deep structures of the plaster models, 
dental impressions, and wax bite registrations. CT scanners are more often used 
to scan impressions of alginate or  polyvinylsiloxane materials than to scan plaster 
models,3-5 but their disadvantages include the absence of color value and radiation 
risk for the operator.6 The accuracy of digital dental models generated using laser 
scanning of plaster models has been evaluated.2,7-24 However, the accuracy of 
digital models generated by scanning plaster casts or impressions with structured 
light and CT scanners has not been studied intensively.7,25-27
An orthodontist who uses digital models for diagnosis and treatment 
planning needs to use specific software programs to perform measurements, 
execute the dental analyses, and make a virtual setup. Training is needed to master 
each program.28 In general, software used for analyzing digital models can show 
the model in different planes; moreover, the model can be enlarged using the zoom 
function, and the images can be segmented using clipping functions. Most software 
programs for analyzing digital models are able to show the occlusal contacts and 
can be used to make point-to-point or point-to-plane measurements. Moreover, 
some of these software programs automatically provide the peer assessment rating 
index or the index of the American Board of Orthodontics analysis.
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Several software programs are available for performing measurements on 
digital dental models, such as E-models (GeoDigm Corporation Inc.®, Falcon 
Heights, MN, USA), Ortho Analyzer (3ShapeTM, Copenhagen, Denmark), 
SureSmile (OraMetrix®, Richardson, TX, USA), Maestro3D (AGE Solutions®, 
Pisa, Italy), NemoCast (Nemotec®, Madrid, Spain), and DigiModel (OrthoProof®, 
Nieuwegein, The Netherlands). Although the measuring tools used in these 
software programs are almost identical, their accuracy has to be compared. In this 
study, we selected two software programs (Ortho Analyzer and Digimodel) and 
evaluated the accuracy of their digital model measurement tools.
To digitize the plaster models, several types of scanners and different 
scanning methods are available. The stereolithographic (STL) output files of the 
laser scanner and the Digital Imaging and Communications in Medicine (DICOM) 
output files of the CT scanner can both be used with different measurement 
software programs. Previous studies have compared the measurements on 
plaster models obtained using calipers and digital models with different software 
programs, but no study has compared the measurement accuracy of different 
software programs.7-11,13 The aim of this study was to evaluate and compare both the 
accuracy and reliability of digital models generated using laser and CT scanners 
to those of plaster models, as well as to assess the measurement accuracy of two 
different software programs. The null hypothesis of this study was that there would 
be no clinically relevant difference in the accuracy and reliability of measurements 
obtained using two different software programs on digital models generated using 
two plaster model scanning methods.
2.2  MATERIALS AND METHODS
2.2.1  Sample
A sample of 10 plaster models was used to determine the power for this study. 
The formula described by Pandis,29 assuming a 90% power test with an α of 
0.05 to detect a difference of 1 mm and a standard deviation of 1.16 mm, was 
used. The sample size calculation revealed the need for a sample of at least 29 
plaster models, which was similar to or larger than the sample size of previous 
studies.7,9-11,13-15,17,19,21,23,25,30 The final research sample consisted of dental models of 
30 students at the Orthodontic Department of Federal Fluminense University, who 
volunteered to participate in this study. The inclusion criterion was the presence of 
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fully erupted permanent dentition including all upper and lower first permanent 
molars. The exclusion criteria were as follows: dental anomalies in size and shape, 
presence of severe gingival recessions, dental crown abrasions, attritions and 
erosions, or presence of fixed orthodontic retention. The age of the volunteers at 
the time of impression taking was between 21 and 39 years; their average age was 
27 years and 9 months.
Ethical approval was obtained for the study by Federal Fluminense 
University (No. 221.664, 01/02/2013), and each volunteer signed an informed 
consent form before the start of this research.
2.2.2  Methods
Alginate impressions of the upper and lower arches were made (Hydrogum® 
Zhermack®, Badia Polesine, Rovigo, Italy) following the manufacturer’s guidelines. 
A bite registration was made using number 7 dental wax (Clássico®, São Paulo, 
Brazil). According to the guidelines of the manufacturer, the impressions were 
stored in a humidified storage cabin for 20 minutes to complete alginate setting, 
and then, the impressions of the teeth and the alveolar ridge were filled with type 
IV plaster (Vigodent®, Rio de Janeiro, Brazil). The base of the plaster model was 
filled with white plaster (Mossoró®, Rio de Janeiro, Brazil).
Each set of plaster models was scanned using two scanners, a laser scanner 
R700® (3Shape) with a maximum resolution of 20 microns and a Flash CT scanner® 
(model FCT-1600; Hytec Inc.®, Los Alamos, NM, USA). The tube voltage of the 
CT scanner was constant and set at 160 kV, and the voxel resolution was 0.05 
mm (50 microns). The scanner produced 780 slices in a rotation of 360o, and the 
scanning time was approximately 28 seconds. In the laser scanner, the upper and 
lower models were scanned separately. Then, the plaster models were scanned in 
occlusion to obtain the interarch relationship. In the CT scanner, the upper and 
lower models and the bite registration were scanned simultaneously. The occlusion 
of the digital models was adjusted by the technician with the Digimodel software 
by using the scanned wax bite registration as a reference.
For analysis, 42 parameters with clinical orthodontic relevance were defined 
(Table 2.1). Two trained and calibrated examiners performed the measurements 
on the plaster and digital models. Examiner 1 was an orthodontist with 10 years 
of experience and familiar with measuring digital models, and examiner 2 was 
an orthodontic resident with 2 years of experience in measuring digital models. 
For measurements on plaster models, a digital caliper (IP67; Tesa SA®, Renens, 
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Switzerland) was used. Each pair of digital models was measured with two different 
software programs: Ortho Analyzer (OA) software (version 1.5.1.7; updated May 
13, 2015; 3Shape) and Digimodel (DM) software (version 3.25.0; updated Mar 6, 
2015; OrthoProof). According to the manufacturers, the digital caliper and both 
software programs could be used with an accuracy of 0.01 mm.
Table 2.1 Parameter definitions
Parameter Abbreviation Definition
Mesiodistal diameter MDD Upper and lower mesiodistal diameter of each tooth from 1st molar 
to 1st molar (largest mesiodistal distance from the mesial contact 
point to the distal contact point parallel to the occlusal plane)
Sum of upper 6 teeth Sum upper 6 Diameter sum of 6 anterior upper teeth
Sum of upper 12 teeth Sum upper 
12
Diameter sum of 12 anterior upper teeth
Sum of lower 6 teeth Sum lower 6 Diameter sum of 6 anterior lower teeth
Sum of lower 12 teeth Sum lower 12 Diameter sum of 12 anterior lower teeth
Crown Height CH Upper and lower crown height of upper and lower 1st molars, 
canines and central incisors on the right side (from incisal edge 
or cusp tip to the lower gingival margin from the vestibular axis 
of each clinical crown - Andrews)
Upper intercanine 
distance
Upper ICD Distance between the cusp tip of the upper left canine to cusp tip 
of the upper right canine
Upper intermolar 
distance
Upper IMD Distance between the tip of the mesiobuccal cusp of the upper left 1st 
molar to the tip of the mesiobuccal cusp of the upper right 1st molar
Lower intercanine 
distance
Lower ICD Distance between the cusp tip of the lower left canine to the cusp 
tip of the lower right canine
Lower intermolar 
distance
Lower IMD Distance between the tip of the mesiobuccal cusp of the lower left 1st 
molar to the tip of the mesiobuccal cusp of the lower right 1st molar
Overjet Overjet Distance from the middle of the incisal edge closest to the buccal 
surface of the upper right maxillary central incisor to the buccal 
surface of the lower incisor antagonist, parallel to the occlusal plane
Overbite Overbite Vertical distance between the marking where the incisal edge of 
the upper right central incisor overlaps the buccal surface of the 
lower incisor antagonist until its respective incisal edge
Interarch right 
sagittal relationship
Right Sag Rel Distance from the cusp tip of the upper right canine to the 
marking where the mesiobuccal cusp of the upper right 1st molar 
occludes to the lower arch
Interarch left sagittal 
relationship
Left Sag Rel Distance from the cusp tip of the upper left canine to the 
marking where the mesiobuccal cusp of the upper left 1st molar 
occludes to the lower arch
The digital models produced by CT scanning (DICOM files) were 
converted to STL files to be opened in OA, and the digital models scanned in 
the laser scanner (STL files) were converted to Quadrox Digital CCTV System 
Components (OPM files), to be opened in DM. Figure 2.1 illustrates the design 
of the study. Two examiners measured the plaster models and the digital models 
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from both scanners and by using both software programs, thereby creating four 
different series of models: models from the laser scanner measured with OA (Laser 
OA), models from the laser scanner measured with DM (Laser DM), models from 
the CT scanner measured with OA (CT OA), and models from the CT scanner 
measured with DM (CT DM). Examiner 1 performed all the measurements and 
examiner 2 performed the measurements of 25 selected parameters to evaluate the 
reliability of the measurement method.
Figure 2.1 Schematic overview of the design of the study. Laser OA, Digital model produced by laser 
scanning and measured with the Ortho Analyzer software; Laser DM, digital model produced by laser 
scanning and measured with the Digimodel software; CT OA, digital model produced by computed 
tomography (CT) scanning and measured with the Ortho Analyzer software; CT DM, digital model 
produced by CT scanning and measured with the Digimodel software.
2.2.3  Statistical analysis
Statistical analyses were performed using IBM SPSS Statistics for Windows, 
version 20.0 (IBM Co., Armonk, NY, USA). To calculate the intraexaminer 
performance, measurements were repeated by examiner 1 after 15 days on one-
third of the samples, selected randomly. The difference in intraexaminer and 
interexaminer performance was quantified using the paired t test. The comparison 
of measurements made on different types of dental models was evaluated using 
ANOVA with Bonferroni correction. The intraclass coefficient correlation 
(ICC) for consistency was calculated to establish examiner 1’s reliability in 
all comparisons performed. The p-values < 0.05 were considered statistically 
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significant. Measurement agreement of all comparisons was also assessed using 
the Bland-Altman method through means, standard deviations, and 95% limits of 
agreement, which were available as a table.
For evaluating clinically relevant differences, we used the values described 
in the literature.30-32 Differences of more than 0.3 mm for the overjet, overbite, 
and tooth size (tooth diameter and tooth height) and more than 0.4 mm for 
the transverse and sagittal parameters were considered clinically relevant.30,31 
For differences in the sum of the mesiodistal diameter of 6 anterior teeth in the 
upper or lower dental arch, a threshold of 0.75 mm was used. For the sum of the 
mesiodistal diameter of 12 teeth in the upper or lower arch, a difference of 1.5 mm 
was used to register clinically relevant differences.32
2.3  RESULTS
2.3.1  Reliability
The intraexaminer performance for examiner 1 was evaluated. The mean 
difference was 0.07 mm for all measurements on the plaster models. For the 
Laser OA measurements, the mean difference was −0.06 mm. For the CT OA 
measurements, the mean difference was −0.05 mm. The intraexaminer mean 
difference for the Laser DM measurements was −0.01 mm and that for the CT DM 
measurements was 0.02 mm. The largest intraexaminer differences were found in 
the sum of the 12 upper teeth for plaster models (0.87 mm), for CT OA (−0.53 
mm) and for CT DM (0.81 mm). The highest intraexaminer difference found on 
Laser OA was −0.83 mm for the sum of the 12 lower teeth. In Laser DM, the 
highest intraexaminer difference was 0.42 mm for the sum of the 6 upper teeth.
According to the paired t test, examiners 1 and 2 presented excellent 
interexaminer reliability, with only a few statistically significant differences in 
the parameters selected. The highest difference was found in the right sagittal 
relationship, especially in CT OA and CT DM. The other parameters did not 
present any clinically relevant differences (Table 2.2). The average ICC of all 
parameters on the plaster models and on all combinations of digital models was 
0.95, which showed excellent reliability for the measurements performed by 
examiner 1 (Table 2.3).
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2.3.2  Measurements of all parameters
Measurements on 30 plaster models were compared with the measurements on 
each digital model by examiner 1 (Table 2.3). Positive values of average differences 
indicated that the measurements on the digital models were smaller than those 
on the plaster models, and negative values indicated that the measurements on 
the digital models were larger than those on the plaster models. None of the 
measurements showed statistically significant differences according to ANOVA 
with Bonferroni correction, but only a few measurements presented clinically 
relevant differences (Table 2.3). When the measurements of the mesiodistal 
diameter performed on digital models were compared to the same measurements 
performed on plaster models, none of the measurements presented any clinically 
relevant difference, except for Laser DM, which showed a clinically relevant 
difference (lower values) in the sum of the upper 6 teeth.
Clinically relevant differences were found in the crown height of tooth 16 
on Laser OA and CT OA models. Among the transverse parameters, only the 
upper intercanine distance showed clinically relevant differences on the Laser DM 
and CT DM models. Among the intermaxillary measurements, only Laser OA 
presented clinically relevant differences in overbite. Only Laser DM presented a 
clinically relevant difference in the sagittal relationship parameters (Table 2.3).
Table 2.4 presents the Bland-Altman statistics, including the 95% limits 
of agreement, for the comparison between the plaster models and the different 
types of digital models. These results showed wider limits for the sum of dental 
diameters (2.93 mm on average) and the sagittal relationship parameters (2.59 
mm on average), and narrower limits for the tooth crown height parameters (1.07 
mm on average) and the overjet and overbite parameters (1.48 mm on average). 
The transverse parameters presented an average value of 1.98 mm on the 95% 
limits of agreement. The smallest 95% limit of agreement was 0.69 mm for the 
crown height of tooth 13 on the comparison between the plaster models and the 
CT OA models, while the largest 95% limit of agreement was 5.09 mm for the sum 
of the 12 lower teeth on the comparison between the plaster models and the Laser 
OA models. The higher difference in the latter comparison could be considered 
proportional to the measurements, because the average value of this parameter 
was 84.50 mm.
Table 2.5 presents the differences in measurements between the digital 
models from two different plaster models scanners and measured using two 
different software programs. The results showed no statistically significant 
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differences in any parameter according to ANOVA with Bonferroni’s correction. 
Clinically relevant differences in mesiodistal diameters were found in the 
measurements of the sum of the 6 upper teeth (CT DM and Laser DM models), 
the sum of the 6 lower teeth (CT OA), and the sum of the 12 lower teeth (CT 
OA). No clinically relevant differences were found in the clinical crown height, 
transverse, and intermaxillary measurements (Table 2.5).
Table 2.6 presents the Bland-Altman statistics, including the 95% limits of 
agreement, between all comparisons of the different types of digital models. These 
results showed wider limits for the sum of dental diameters (3.12 mm on average) 
and the sagittal relationship parameters (2.52 mm on average), and narrower 
limits for the tooth crown height (1.22 mm on average) and the overjet and 
overbite parameters (1.09 mm on average). The transverse parameters presented 
an average value of 2.21 mm on the 95% limits of agreement. The smallest 95% 
limit of agreement was 0.30 mm for the overbite on the comparison between the 
Laser OA and Laser DM models, while the largest 95% limit of agreement was 5.12 
mm for the sum of the 12 lower teeth on the comparison between the Laser OA 
and CT OA models, which was also considered proportional to the average value 
of the measurements.
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Table 2.4 Bland-Altman analysis of the comparison between the plaster and digital models with 95% limits of agreement.
Type of 
measurement Parameter
Plaster vs. Laser OA Plaster vs. CT OA Plaster vs. Laser DM Plaster vs. CT DM
Mean 
differences
SD 95% limits of agreement 
(mm)
Mean 
differences
SD 95% limits of agreement 
(mm)
Mean 
differences
SD 95% limits of agreement 
(mm)
Mean 
differences
SD 95% limits of agreement 
(mm)
(mm) (mm) (mm) (mm) (mm) (mm) (mm) (mm)
       Min             Max        Min                                      Max        Min             Max        Min             Max
Mesiodistal 
diameter
Sum 6 
Upper teeth
0.28 0.64 -0.98 1.53 -0.00 0.55 -1.09 1.08 1.13 0.39 0.35 1.90 0.33 0.44 -0.54 1.20
Sum 12 
Upper teeth
-0.15 0.94 -2.00 1.70 -0.86 0.76 -2.34 0.63 0.77 0.66 -0.53 2.06 -0.31 0.69 -1.67 1.05
Sum 6 
Lower teeth
-0.08 0.70 -1.45 1.28 -0.56 0.60 -1.73 0.61 0.56 0.49 -0.40 1.51 0.25 0.72 -1.16 1.67
Sum 12 
Lower Teeth
-0.22 1.30 -2.77 2.32 -1.05 0.81 -2.64 0.55 0.59 0.99 -1.36 2.54 0.51 1.07 -1.58 2.60
Clinical crown 
height
CH 16 -0.36 0.33 -1.01 0.29 -0.31 0.35 -0.99 0.38 -0.27 0.27 -0.79 0.25 -0.15 0.48 -1.10 0.79
CH 13 -0.09 0.26 -0.59 0.41 -0.20 0.18 -0.54 0.15 -0.11 0.20 -0.50 0.28 -0.16 0.35 -0.84 0.51
CH 11 -0.14 0.20 -0.54 0.25 -0.27 0.18 -0.63 0.08 -0.17 0.21 -0.58 0.24 -0.06 0.18 -0.41 0.29
CH 41 -0.02 0.19 -0.39 0.35 0.04 0.28 -0.51 0.60 -0.08 0.24 -0.56 0.39 -0.09 0.25 -0.58 0.39
CH 43 -0.07 0.21 -0.49 0.35 -0.14 0.28 -0.68 0.41 -0.14 0.28 -0.69 0.40 -0.25 0.53 -1.29 0.78
CH 46 -0.02 0.33 -0.66 0.63 -0.06 0.28 -0.62 0.49 -0.26 0.21 -0.67 0.16 -0.06 0.28 -0.60 0.48
Transverse 
distance
Upper ICD 0.33 0.45 -0.55 1.20 0.28 0.47 -0.65 1.22 0.44 0.41 -0.36 1.24 0.40 0.44 -0.46 1.27
Lower ICD -0.14 0.49 -1.11 0.82 -0.15 0.52 -1.18 0.88 0.02 0.44 -0.85 0.90 -0.02 0.47 -0.95 0.91
Upper IMD -0.02 0.43 -0.86 0.82 0.11 0.51 -0.89 1.12 -0.04 0.54 -1.10 1.01 0.12 0.74 -1.33 1.57
Lower IMD -0.28 0.48 -1.22 0.66 -0.28 0.48 -1.23 0.66 0.03 0.51 -0.96 1.03 -0.02 0.67 -1.32 1.29
Intermaxillary 
measurement
Overjet 0.11 0.28 -0.44 0.66 0.11 0.41 -0.70 0.91 0.08 0.33 -0.56 0.73 0.04 0.48 -0.90 0.98
Overbite 0.31 0.28 -0.24 0.87 0.26 0.38 -0.48 1.01 0.30 0.32 -0.32 0.93 0.21 0.54 -0.85 1.27
Right Sag Rel -0.12 0.65 -1.40 1.16 -0.24 0.60 -1.41 0.92 -0.42 0.72 -1.84 0.99 -0.26 1.08 -2.38 1.86
Left Sag Rel -0.13 0.68 -1.47 1.21 -0.23 0.48 -1.18 0.71 -0.24 0.41 -1.05 0.57 -0.22 0.65 -1.49 1.04
SD, Standard deviation. Refer to Table 2.1 for parameter definitions.
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Table 2.4 Bland-Altman analysis of the comparison between the plaster and digital models with 95% limits of agreement.
Type of 
measurement Parameter
Plaster vs. Laser OA Plaster vs. CT OA Plaster vs. Laser DM Plaster vs. CT DM
Mean 
differences
SD 95% limits of agreement 
(mm)
Mean 
differences
SD 95% limits of agreement 
(mm)
Mean 
differences
SD 95% limits of agreement 
(mm)
Mean 
differences
SD 95% limits of agreement 
(mm)
(mm) (mm) (mm) (mm) (mm) (mm) (mm) (mm)
       Min             Max        Min                                      Max        Min             Max        Min             Max
Mesiodistal 
diameter
Sum 6 
Upper teeth
0.28 0.64 -0.98 1.53 -0.00 0.55 -1.09 1.08 1.13 0.39 0.35 1.90 0.33 0.44 -0.54 1.20
Sum 12 
Upper teeth
-0.15 0.94 -2.00 1.70 -0.86 0.76 -2.34 0.63 0.77 0.66 -0.53 2.06 -0.31 0.69 -1.67 1.05
Sum 6 
Lower teeth
-0.08 0.70 -1.45 1.28 -0.56 0.60 -1.73 0.61 0.56 0.49 -0.40 1.51 0.25 0.72 -1.16 1.67
Sum 12 
Lower Teeth
-0.22 1.30 -2.77 2.32 -1.05 0.81 -2.64 0.55 0.59 0.99 -1.36 2.54 0.51 1.07 -1.58 2.60
Clinical crown 
height
CH 16 -0.36 0.33 -1.01 0.29 -0.31 0.35 -0.99 0.38 -0.27 0.27 -0.79 0.25 -0.15 0.48 -1.10 0.79
CH 13 -0.09 0.26 -0.59 0.41 -0.20 0.18 -0.54 0.15 -0.11 0.20 -0.50 0.28 -0.16 0.35 -0.84 0.51
CH 11 -0.14 0.20 -0.54 0.25 -0.27 0.18 -0.63 0.08 -0.17 0.21 -0.58 0.24 -0.06 0.18 -0.41 0.29
CH 41 -0.02 0.19 -0.39 0.35 0.04 0.28 -0.51 0.60 -0.08 0.24 -0.56 0.39 -0.09 0.25 -0.58 0.39
CH 43 -0.07 0.21 -0.49 0.35 -0.14 0.28 -0.68 0.41 -0.14 0.28 -0.69 0.40 -0.25 0.53 -1.29 0.78
CH 46 -0.02 0.33 -0.66 0.63 -0.06 0.28 -0.62 0.49 -0.26 0.21 -0.67 0.16 -0.06 0.28 -0.60 0.48
Transverse 
distance
Upper ICD 0.33 0.45 -0.55 1.20 0.28 0.47 -0.65 1.22 0.44 0.41 -0.36 1.24 0.40 0.44 -0.46 1.27
Lower ICD -0.14 0.49 -1.11 0.82 -0.15 0.52 -1.18 0.88 0.02 0.44 -0.85 0.90 -0.02 0.47 -0.95 0.91
Upper IMD -0.02 0.43 -0.86 0.82 0.11 0.51 -0.89 1.12 -0.04 0.54 -1.10 1.01 0.12 0.74 -1.33 1.57
Lower IMD -0.28 0.48 -1.22 0.66 -0.28 0.48 -1.23 0.66 0.03 0.51 -0.96 1.03 -0.02 0.67 -1.32 1.29
Intermaxillary 
measurement
Overjet 0.11 0.28 -0.44 0.66 0.11 0.41 -0.70 0.91 0.08 0.33 -0.56 0.73 0.04 0.48 -0.90 0.98
Overbite 0.31 0.28 -0.24 0.87 0.26 0.38 -0.48 1.01 0.30 0.32 -0.32 0.93 0.21 0.54 -0.85 1.27
Right Sag Rel -0.12 0.65 -1.40 1.16 -0.24 0.60 -1.41 0.92 -0.42 0.72 -1.84 0.99 -0.26 1.08 -2.38 1.86
Left Sag Rel -0.13 0.68 -1.47 1.21 -0.23 0.48 -1.18 0.71 -0.24 0.41 -1.05 0.57 -0.22 0.65 -1.49 1.04
SD, Standard deviation. Refer to Table 2.1 for parameter definitions.
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Table 2.6 Bland-Altman analysis of the comparison between all types of digital models with 95% limits of 
agreement.
Parameter
Laser OA vs. CT OA Laser DM vs.                                    CT DM Laser OA vs. Laser DM CT DM vs. CT OA
Type of 
measurement
Mean 
differences
SD 95% limits of 
agreement (mm)
Mean 
differences
SD 95% limits                                  of agreement 
(mm)
Mean 
differences
SD 95% limits of 
agreement (mm)
Mean 
differences
SD 95% limits of 
agreement (mm)
(mm) (mm) (mm) (mm) (mm) (mm) (mm) (mm)
       Min              Max        Min                                               Max        Min              Max        Min              Max
Mesiodistal 
diameter
Sum 6 Upper 
teeth
-0.28 0.81 -1.87 1.31 -0.80 0.48 -1.74 0.14 0.85 0.60 -0.32 2.02 -0.33 0.59 -1.50 0.83
Sum 12 Upper 
teeth
-0.71 1.07 -2.82 1.40 -1.08 0.79 -2.64 0.48 0.92 0.88 -0.80 2.64 -0.55 0.70 -1.92 0.83
Sum 6 Lower 
teeth
-0.48 0.68 1.82 0.86 -0.31 0.70 -1.67 1.06 0.64 0.58 -0.50 1.79 0.81 0.59 -0.34 1.97
Sum 12 Lower 
Teeth
-0.82 1.31 -3.38 1.74 -0.08 1.07 -2.18 2.02 0.81 1.02 -1.20 2.83 -1.56 0.85 -3.22 0.11
Clinical crown 
height
CH 16 0.05 0.31 -0.56 0.67 0.11 0.45 -0.78 1.00 0.09 0.31 -0.52 0.70 -0.15 0.43 -1.00 0.69
CH 13 -0.10 0.22 -0.53 0.32 -0.05 0.34 -0.73 0.62 -0.02 0.17 -0.35 0.32 -0.03 0.38 -0.77 0.71
CH 11 -0.13 0.22 -0.57 0.31 0.11 0.25 -0.37 0.60 -0.03 0.18 -0.38 0.32 -0.22 0.18 -0.57 0.13
CH 41 0.06 0.33 -0.58 0.70 -0.01 0.16 -0.32 0.31 -0.07 0.20 -0.46 0.33 0.13 0.34 -0.52 0.79
CH 43 -0.07 0.25 -0.56 0.42 -0.11 0.55 -1.20 0.97 -0.07 0.20 -0.47 0.33 0.12 0.53 -0.92 1.15
CH 46 -0.04 0.40 -0.83 0.74 0.19 0.34 -0.48 0.87 -0.24 0.35 -0.93 0.45 0.00 0.38 -0.74 0.74
Transverse 
distance
Upper ICD -0.04 0.48 -0.99 0.90 -0.03 0.55 -1.12 1.05 0.11 0.42 -0.72 0.94 -0.12 0.45 -1.00 0.77
Lower ICD -0.01 0.65 -1.29 1.27 -0.04 0.54 -1.10 1.01 0.17 0.52 -0.84 1.18 -0.13 0.56 -1.23 0.97
Upper IMD 0.13 0.52 -0.89 1.15 0.16 0.89 -1.58 1.91 -0.03 0.56 -1.13 1.08 -0.00 0.87 -1.71 1.70
Lower IMD -0.00 0.49 -0.97 0.97 -0.05 0.47 -0.96 0.86 0.31 0.43 -0.53 1.16 -0.27 0.59 -1.43 0.90
Intermaxillary 
measurement
Overjet -0.00 0.35 -0.70 0.69 -0.04 0.37 -0.78 0.67 -0.02 0.22 -0.45 0.40 0.07 0.32 -0.55 0.69
Overbite -0.05 0.24 -0.52 0.42 -0.09 0.38 -0.84 0.65 -0.01 0.08 -0.16 0.14 0.05 0.28 -0.49 0.60
Right Sag Rel -0.12 0.43 -0.97 0.73 0.16 0.96 -1.72 2.05 -0.30 0.57 -1.41 0.81 0.02 0.85 -1.66 1.69
Left Sag Rel -0.10 0.40 -0.90 0.69 0.01 0.72 -1.40 1.42 -0.10 0.70 -1.48 1.27 -0.01 0.50 -0.99 0.97
SD, Standard deviation. Refer to Table 2.1 for parameter definitions.
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Table 2.6 Bland-Altman analysis of the comparison between all types of digital models with 95% limits of 
agreement.
Parameter
Laser OA vs. CT OA Laser DM vs.                                    CT DM Laser OA vs. Laser DM CT DM vs. CT OA
Type of 
measurement
Mean 
differences
SD 95% limits of 
agreement (mm)
Mean 
differences
SD 95% limits                                  of agreement 
(mm)
Mean 
differences
SD 95% limits of 
agreement (mm)
Mean 
differences
SD 95% limits of 
agreement (mm)
(mm) (mm) (mm) (mm) (mm) (mm) (mm) (mm)
       Min              Max        Min                                               Max        Min              Max        Min              Max
Mesiodistal 
diameter
Sum 6 Upper 
teeth
-0.28 0.81 -1.87 1.31 -0.80 0.48 -1.74 0.14 0.85 0.60 -0.32 2.02 -0.33 0.59 -1.50 0.83
Sum 12 Upper 
teeth
-0.71 1.07 -2.82 1.40 -1.08 0.79 -2.64 0.48 0.92 0.88 -0.80 2.64 -0.55 0.70 -1.92 0.83
Sum 6 Lower 
teeth
-0.48 0.68 1.82 0.86 -0.31 0.70 -1.67 1.06 0.64 0.58 -0.50 1.79 0.81 0.59 -0.34 1.97
Sum 12 Lower 
Teeth
-0.82 1.31 -3.38 1.74 -0.08 1.07 -2.18 2.02 0.81 1.02 -1.20 2.83 -1.56 0.85 -3.22 0.11
Clinical crown 
height
CH 16 0.05 0.31 -0.56 0.67 0.11 0.45 -0.78 1.00 0.09 0.31 -0.52 0.70 -0.15 0.43 -1.00 0.69
CH 13 -0.10 0.22 -0.53 0.32 -0.05 0.34 -0.73 0.62 -0.02 0.17 -0.35 0.32 -0.03 0.38 -0.77 0.71
CH 11 -0.13 0.22 -0.57 0.31 0.11 0.25 -0.37 0.60 -0.03 0.18 -0.38 0.32 -0.22 0.18 -0.57 0.13
CH 41 0.06 0.33 -0.58 0.70 -0.01 0.16 -0.32 0.31 -0.07 0.20 -0.46 0.33 0.13 0.34 -0.52 0.79
CH 43 -0.07 0.25 -0.56 0.42 -0.11 0.55 -1.20 0.97 -0.07 0.20 -0.47 0.33 0.12 0.53 -0.92 1.15
CH 46 -0.04 0.40 -0.83 0.74 0.19 0.34 -0.48 0.87 -0.24 0.35 -0.93 0.45 0.00 0.38 -0.74 0.74
Transverse 
distance
Upper ICD -0.04 0.48 -0.99 0.90 -0.03 0.55 -1.12 1.05 0.11 0.42 -0.72 0.94 -0.12 0.45 -1.00 0.77
Lower ICD -0.01 0.65 -1.29 1.27 -0.04 0.54 -1.10 1.01 0.17 0.52 -0.84 1.18 -0.13 0.56 -1.23 0.97
Upper IMD 0.13 0.52 -0.89 1.15 0.16 0.89 -1.58 1.91 -0.03 0.56 -1.13 1.08 -0.00 0.87 -1.71 1.70
Lower IMD -0.00 0.49 -0.97 0.97 -0.05 0.47 -0.96 0.86 0.31 0.43 -0.53 1.16 -0.27 0.59 -1.43 0.90
Intermaxillary 
measurement
Overjet -0.00 0.35 -0.70 0.69 -0.04 0.37 -0.78 0.67 -0.02 0.22 -0.45 0.40 0.07 0.32 -0.55 0.69
Overbite -0.05 0.24 -0.52 0.42 -0.09 0.38 -0.84 0.65 -0.01 0.08 -0.16 0.14 0.05 0.28 -0.49 0.60
Right Sag Rel -0.12 0.43 -0.97 0.73 0.16 0.96 -1.72 2.05 -0.30 0.57 -1.41 0.81 0.02 0.85 -1.66 1.69
Left Sag Rel -0.10 0.40 -0.90 0.69 0.01 0.72 -1.40 1.42 -0.10 0.70 -1.48 1.27 -0.01 0.50 -0.99 0.97
SD, Standard deviation. Refer to Table 2.1 for parameter definitions.
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2.4  DISCUSSION
Nowadays, orthodontists can use several types of plaster models and impression 
scanners with different technologies in combination with several measuring 
software programs. In this study, we used a laser scanner and a CT scanner to 
generate digital models from 30 plaster models. Although the laser scanner 
generates a digital model with subjectively better texture and greater detail than 
does the CT scanner, the accuracy of measurements on both digital models was 
similar. Several earlier studies have evaluated the accuracy of digital models 
generated by laser scanning plaster models,2,7-24 and of digital models generated by 
CT scanning,7,25,26 but only one study has compared the differences in the accuracy 
of measurements between these two processing methods. That study concluded 
the digital models generated by CT scanning were more accurate and reliable than 
the ones generated by laser scanning.7
As shown in Table 2.3, Laser DM presented three measurements with 
clinically relevant differences compared to the plaster models: the sum of the 6 
upper teeth, the upper intercanine distance, and the right sagittal relationship. For 
the measurements on Laser OA, only two parameters presented clinically relevant 
differences. For the CT OA and CT DM models, only one parameter showed 
clinically relevant differences. It can be concluded that the dental diameters and 
dental crown heights on digital models were reliable. The measurements of the 
upper intercanine distance and the overbite showed the largest differences. These 
differences could be caused not only by actual differences between the models but 
also by the subjectivity of the measurement method. For instance, the intercanine 
distance measurement can be hampered by some attrition of the canine, which 
can lead to misinterpretation of the cuspid landmark. Regarding the overbite, 
the thickness of the tip of the calipers may have contributed to inaccuracies in 
this measurement on plaster models.23 For measurements on digital models, the 
models could be magnified and a model cross-section (by “clipping the model”) 
could be made, which improves the accuracy of point identification compared to 
the measurement procedure on plaster models (Fig 2.2). Bland-Altman analysis 
showed acceptable 95% limits of agreement on the comparisons between the 
plaster models and different types of digital models. The sum of dental diameters 
presented wider limits of agreement, which is reasonable because these parameters 
presented the largest values (Table 2.4).
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Figure 2.2 (A) Measuring the overbite by using the Ortho Analyzer software, (B) Measuring the overjet and 
overbite by using the Digimodel software.
In the comparisons of the digital models, the crown height, transverse, 
and intermaxillary parameters did not present any clinically relevant difference, 
suggesting that it is easier to mark these points on digital models than on plaster 
models. Only the sum of the mesiodistal diameters presented clinically relevant 
differences for four parameters (Table 2.5). On digital models, the user can fix 
the selected marking point with the click of the cursor, while on plaster models, 
mistakes can happen during measurement with the caliper, because there is no 
fixed marking of the landmarks.9 The results show that it is possible to use both 
software programs to measure a digital model generated using two different 
scanning methods, with no significant changes in the measurement outcomes. 
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Although it seems easier to select the reference points on digital models when 
performing measurements using both software programs, because of the options 
to magnify, section, and rotate the images, some problems can occur when 
interpreting the reference points. Therefore, it is necessary to gain experience in 
performing accurate measurements by using the measurement software. Bland-
Altman analysis showed acceptable 95% limits of agreement (1.99 mm on average) 
on the comparisons between the different types of digital models (Table 2.6).
For the laser-scanned models, the occlusion was acquired during the 
scanning process and could be adjusted if needed in the software, while the 
occlusion on the CT-scanned models was determined after the scanning process 
by dental technicians, who adjusted the relationship of the upper and lower 
models by using a dedicated software program that considered the scanned bite 
registration. The method used to obtain the interarch relationship in the CT 
models may cause some errors because of the subjectivity of the operator,5,32 but 
according to the results of this study, the interarch relationship measurements 
presented no clinically relevant differences.
As orthodontists can decide to make the records of a patient in their own 
clinic or refer a patient to a clinical diagnostic center, new technologies such as 
the fabrication of digital models and the analysis of these models with software 
programs must be accurate and reproducible. Different methods to make digital 
models and different software programs to analyze these models, to make treatment 
plans, and to perform computer-aided design/computer-aided manufacturing 
procedures to design and fabricate orthodontic appliances will be used. Moreover, 
the same software must be able to generate outputs in different file formats for the 
digital models because the files will be used for different purposes and by different 
professionals, such as orthodontists, maxillofacial surgeons, implantologists, 
and lab technicians. Therefore, it is important that all users irrespective of their 
background can measure similar distances with different software programs.
In our study, interexaminer reliability was excellent in most cases and good 
for some others; this finding is in accordance with that of previous studies.7,9,14 
The largest difference in the measurement values was for the sagittal relationship 
parameter for both the plaster and digital models, which could be caused by the 
misinterpretation of the location of the reference points by the different examiners, 
and could mainly have been due to attrition on the upper canines.
Finally, both plaster-scanning techniques and both software programs 
used can be considered accurate and interchangeable. Considering the magnitude 
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of differences and all comparisons performed, the number of parameters with 
clinically relevant differences was very low; moreover, the differences were 
reasonable given the subjectivity of the measurement method and were similar to 
those described in previous studies. Furthermore, the differences were distributed 
across different parameters without being predominant in a specific parameter, 
and this could have happened by chance.
2.5  CONCLUSION
The null hypothesis of this study was confirmed. The digital models generated 
from a series of plaster models by using the R700 laser scanner and the Flash CT 
scanner are accurate and reliable and can replace conventional plaster models. Only 
a few clinically relevant differences in measurements were found. Measurements 
on these digital models performed using two different software programs are 
accurate; therefore, both fabrication methods and software programs can be used 
interchangeably.
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Abstract
Introduction: The objective of this study was to evaluate the accuracy and reliability 
of measurements on digital models obtained by scanning impressions 5, 10, and 
15 days after they were made from 2 soft putty polyvinylsiloxane (PVS) materials. 
Methods: Thirty volunteers were selected for making impressions of their dentitions 
with alginate to create a plaster model and with PVS impression material to 
create a digital model by laser scanning. Three examiners made the plaster model 
measurements with digital calipers and repeated these measurements on the 
digital models made from the scanned PVS impressions. A total of 34 distances 
were evaluated. Paired t tests were used to evaluate intraexaminer error and the 
accuracy of the digital model measurements. Measurement reproducibility and 
reliability among examiners were tested. 
Results: Although statistically significant differences between measurements on 
plaster and digital models were found, these discrepancies were not clinically 
significant except for overbite. Both plaster and digital models had high intraclass 
correlation coefficient values. 
Conclusions: Digital models acquired by laser scanning of 2 types of soft putty 
PVS material may be used with clinically acceptable accuracy, reliability, and 
reproducibility, even at a post scanning interval of 15 days.
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3.1  INTRODUCTION
Digital models are increasingly used in clinical orthodontics because of their 
advantages, such as ease of data storage, transmission, orthodontic diagnosis, 
treatment planning, and appliance fabrication.1-11 The demand for digital models 
is growing because they can be used for a digital setup that then can serve for 
fabrication of esthetic aligners12-14 and other custom appliances such as Insignia 
(Ormco, Orange, Calif), Incognito (3M Unitek, Seefeld, Germany), and Sure Smile 
(Stratos/Orametrix, Dallas, Tex),15 and for planning surgical treatment.16 Scientific 
information about the accuracy of digital models made from plaster models, 
impressions, or intraoral scanning is needed. Several studies have evaluated the 
accuracy and reliability of digital models from various scanning processes, such 
as plaster model laser scanning, 2,3,5,6,17-25 alginate, and polyvinylsiloxane (PVS) 
impression laser scanning,18,26-28 computed tomography scanning of impressions,8-11 
and intraoral laser scanning.7,8,29,30 The authors of most of these studies did not 
identify clinically significant differences in measurements on digital models 
compared with measurements on plaster dental models. Only a few studies have 
reported clinically significant differences between plaster and digital models.9,10,22
For occlusion registration of digital models, it is necessary to scan the bite 
registration.8,10 The accuracy of digital models and occlusions obtained by laser 
scanning has been evaluated in previous studies for both alginate8-11,26 and PVS 
impressions.10,18,27,28 Few studies have investigated surface laser scanning for PVS 
impressions, and the influence of different types of soft putty PVS materials and 
their dimensional stability on the accuracy of digital models has not yet been 
reported.
The first objective of this study was to evaluate the accuracy and reliability 
of digital models obtained by PVS impression scanning, with a surface laser 
scanner (R700; 3ShapeTM, Copenhagen, Denmark) and Ortho Analyzer software 
(3Shape) as a measurement tool. The second objective was to evaluate how the 
time elapsed between the impression procedure and the actual scanning of the 
impression influences the accuracy of the digital models. Our third objective was 
to evaluate the influence of the type of soft putty PVS material on the accuracy of 
these digital models.
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3.2  MATERIALS AND METHODS
A sample size calculation was performed using the formula described by Pandis,31 
considering a power test of 90% and an α of 0.05, to detect a difference in measurements 
of 1 mm (SD, 1.16 mm). The sample size calculation (with 10 volunteers) showed 
that at least 29 volunteers would be needed for the research. This study was approved 
by the ethical committee of the Medical School of Federal Fluminense University, 
Niterói, Brazil, on February 1, 2013 (registration number 221.664).
The inclusion criteria were fully erupted permanent dentition (including 
all maxillary and mandibular permanent first molars); no anomalies in number, 
size, or shape of the dentition; no accentuated recessions, abrasions, or erosions; 
no cavities or restorations that could compromise the mesiodistal diameter; and 
no orthodontic fixed retention.
Thirty volunteers who met the inclusion criteria were selected at the 
Department of Orthodontics of Federal Fluminense University. Their ages 
ranged from 21 to 39 years, with a mean of 27 years 9 months. All volunteers 
were informed about the research procedures and signed informed consent. After 
a clinical examination, alginate impressions with Hydrogum alginate (Zhermack, 
Badia Polesine, Rovigo, Italy) were made following the manufacturer’s guidelines. 
In addition, a bite registration in maximal occlusion was made using number 7 
dental wax (Clássico, São Paulo, Brazil). Twenty minutes after impression taking, 
to complete the alginate cure period, the alginate impressions were disinfected and 
placed in a closed plastic bag. Within 1 hour after impression taking, the teeth and 
the alveolar ridges were covered with type IV plaster (Vigodent, Rio de Janeiro, 
Brazil). The base of the model was poured with white plaster (Mossoró, Rio de 
Janeiro, Brazil).
Directly after the making of the alginate impression, a PVS impression 
was taken from each volunteer. These PVS impressions of both arches were taken 
using the 2-step technique with Futura impression material (Nova DFL, Rio de 
Janeiro, Brazil). The first impression was made with the heavy putty material, and 
then the soft putty material was used to record the anatomic details, according 
to the manufacturer’s guidelines. The regular-viscosity soft putty was used for 
the maxillary arch and the light-viscosity soft putty for the mandibular arch to 
allow evaluation of possible accuracy differences between the 2 materials. After 
both impressions were taken, a bite registration in maximum intercuspation was 
obtained with the PVS heavy putty (Fig 3.1).
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Figure 3.1 Maxillary impression (regular viscosity), mandibular impression (light viscosity), and bite 
registration.
After impression taking, the PVS impressions and the bite registrations 
were disinfected, stored in plastic bags, and protected from light for subsequent 
scanning to obtain digital models. The 60 impressions (30 impressions of each 
arch) and the respective bite registrations were scanned with the R700 scanner 
using the dedicated impression scanning software. The scanning procedure 
started with the maxillary impression, followed by the mandibular impression, 
and then the bite registration was scanned with a device that kept it stable without 
deforming it. After making the first scan, the scanner automatically detects the 
areas where the scan has less quality and scans them during the adaptive scanning 
by turning the table where the impression is, and by moving the cameras on the 
rail. Of course, there are limits in scanning possibilities and time, so it is difficult 
to scan properly when the areas are not visible because of some undercuts. In 
some cases, we used a titanium oxide powder on the mandibular incisor area 
to improve scanning accuracy; the narrower undercuts in this region can create 
difficulty with the laser incidence of the scanner (Fig 3.2). For superimposition of 
the maxillary model and bite registration, 3 points (first molar and incisal regions) 
on the models were selected along with 3 identical points on the bite registration 
for the initial alignment. The same procedure was repeated for the mandibular 
model. 3Shape software then automatically superimposed both digital models by 
a best-fit method (Fig 3.3). Then sagittal, transverse, and vertical adjustments were 
made to create the virtual maxillary and mandibular bases. The 30 digital model 
pairs were divided into 3 groups of 10 pairs each, according to the time interval 
between taking and scanning the PVS impressions. T5 represented an interval of 5 
days; T10, 10 days; and T15, 15 days.
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Figure 3.2 (A) Application of titanium oxide powder in the mandibular incisor area, (B) Maxillary 
impression scanning, (C) Mandibular impression scanning, (D) Bite registration scanning.
Thirty-four clinically relevant parameters for measuring were defined 
for each pair of dental models, including tooth diameter, transverse distances 
(maxillary and mandibular intercanine and intermolar distances), and interarch 
relationship measurements (overbite, overjet) (Table 3.1). Three examiners 
(L.T.C., D.S.A., and another) were properly trained to measure the plaster 
and digital models before the start of the study. Among the examiners was an 
undergraduate student of dentistry, a master’s degree student of orthodontics, 
and a doctoral student of dentistry. The plaster models were measured with a 
digital caliper (Starrett - Itu, São Paulo, Brazil), with an accuracy of 0.01 mm. The 
digital models were measured using the Ortho Analyzer software with the direct 
measuring tool (Fig 3.4). To calculate the method error, the 3 examiners repeated 
the measurements on 10 randomly selected plaster models and 10 digital models, 
15 days after the first measurements.
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Figure 3.3 Defining the occlusion: (A) Digital maxillary model, (B) Digital mandibular model, (C) Digital 
bite registration, (D) Defining points between the maxillary model and the bite registration, (E) Defining 
points between the mandibular model and the bite registration, (F) Digital model after interarch adjustment.
Table 3.1 Measurement definitions.
Mesurement Abbreviation Definition
Mesiodistal diameter
MDD Upper and lower mesiodistal diameter from 1st molar to 1st 
molar (higher mesiodistal diameter of the contact point mesial 
to distal point of contact, parallel to the occlusal plane)
Sum of upper 6 teeth Sum upper 6 Diameter sum of 6 anterior upper teeth
Sum of upper 12 teeth Sum upper 12 Diameter sum of 12 anterior upper teeth
Sum of lower 6 teeth Sum lower 6 Diameter sum of 6 anterior lower teeth
Sum of lower 12 teeth Sum lower 12 Diameter sum of 12 anterior lower teeth
Upper intercanine 
distance
Upper ICD Distance between the cusp tip of the upper left canine to cusp 
tip of the upper right canine
Upper intermolar 
distance
Upper IMD Distance between the tip of the mesiobuccal cusp of the upper 
left 1st molar to the tip of the mesiobuccal cusp of the upper 
right 1st molar
Lower intercanine 
distance
Lower ICD Distance between the cusp tip of the lower left mandibular 
canine to cusp tip of the lower right canine
Lower intermolar 
distance
Lower IMD Distance between the tip of the mesiobuccal cusp of the lower 
left 1st molar to the tip of the mesiobuccal cusp of the lower 
right 1st molar
Overjet
Overjet Distance from the middle of the incisal edge closest to the 
buccal surface of the upper right maxillary central incisor to 
the buccal surface of the lower incisor antagonist, parallel to the 
occlusal plane
Overbite
Overbite Vertical distance between the marking where the incisal edge of 
the upper right central incisor overlaps the buccal surface of the 
lower incisor antagonist until its respective incisal edge
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Figure 3.4 Measuring tooth diameters on a digital model with the Ortho Analyzer software.
All plaster models of the sample were also scanned with the same scanner 
(R700) to acquire the respective digital models and enable comparisons with 
the digital models from PVS impression scanning. They were compared using a 
superimposition method by Geomagic Qualify software (3D Systems, Rock Hill, 
SC). The bases of the 2 types of digital models were cut apical to the gingival margin. 
The models were aligned using the dentition as a reference by the best-fit surface 
alignment tool. After alignment, the model edges were trimmed with cutting planes 
to create common borders. Color displacement maps were generated to confirm 
accurate crown superimpositions and measure differences between the models. 
Geomagic Qualify software outputs the mean and maximum displacements, the 
positive and negative average differences, and the standard deviations measured 
in the color map analysis. These data are obtained by calculation of the distances 
of points between each digital model superimposition. The limits used in the color 
map were 0.25 mm (Fig 3.5). Figures 3.6 and 3.7 illustrate the design of the study.
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Figure 3.5 Evaluation of the accuracy by superimposition of the digital models with the Geomagic Qualify 
software.
Figure 3.6 Schematic figure showing the procedures used in the study (*1T5, 5 days after impression taking; 
*2T10, 10 days after impression taking; *3T15, 15 days after impression taking).
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Figure 3.7 Schematic figure showing the comparisons made in the study (*1T5, 5 days after impression 
taking; *2T10, 10 days after impression taking; *3T15, 15 days after impression taking).
3.2.1. Statistical analysis
Statistical analysis was performed with SPSS software for Windows (version 20.0; 
IBM, Armonk, NY). The paired t test was used to compare measurements on 
the plaster and digital models by PVS impression scanning for each examiner. 
The intraclass correlation coefficient (ICC) evaluated the reproducibility of the 
measurements among the examiners for each model. The paired t test was also 
used to compare the differences by superimposition of the digital models (plaster 
model scanning vs PVS impression scanning), according to the time interval of 
impression taking. The differences between the soft putty types were compared 
using paired t tests of the superimposition differences between the maxillary 
models (regular viscosity) and the mandibular models (light viscosity) by also 
using the superimpositions between plaster model scanning and PVS impression 
scanning for each maxillary and mandibular model. Differences in measurements 
were considered statistically significant if the p-value was lower than 0.05.
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The method error was calculated by comparing the initial measurements 
and the measurements after 15 days for the selected sample. The paired t test was 
used to evaluate the intraexaminer errors. Results were considered significant 
when the p-value was lower than 0.05.
3.3  RESULTS
The intraexaminer errors of each examiner had low values, and all examiners 
had lower error values for the plaster models than for the digital models by PVS 
impression scanning. Examiner 1 had a mean difference of all parameters of 0.08 
mm for the digital models (maximum error in the sum of 12 mandibular teeth was 
1.88 mm) and an average difference of -0.01 mm in all parameters of the plaster 
models (maximum error in the diameter of the right maxillary second premolar 
of -1.06 mm). Examiner 2 had a mean difference in the error values of 0.05 mm in 
all parameters of the digital models (maximum error in the sum of 12 mandibular 
teeth was 0.99 mm), and the average differences in all parameters in the plaster 
models were -0.01 mm (maximum error in the maxillary intercanine distance of 
-1.24 mm). Examiner 3 had similar results to those of examiner 2: 0.05 mm in 
the average differences in all parameters of the digital models (maximum error of 
1.06 mm in the sum of 12 mandibular teeth) and -0.01 mm in the plaster model’s 
mean differences of all parameters (maximum error of 0.21 mm in the sum of 12 
mandibular teeth).
The reproducibility analysis showed high ICC values for both plaster model 
measurements (r = 0.908) and those on digital models (r = 0.857). Transverse 
measurements had high ICC values for plaster models (r = 0.966) and digital 
models (r = 0.976). Overbite and overjet also showed high ICC values for plaster 
models (0.965 and 0.930) and digital models (0.970 and 0.943). In relation to 
tooth diameter, plaster models had higher ICC values (maxillary teeth, 0.891; 
mandibular teeth, 0.881) than the digital models (0.827 and 0.800) (Table 3.2).
The paired t test was used to compare the differences in measurements by 
each examiner for the plaster and digital models by PVS impression scanning. 
Statistically significant differences were found for some measurements. Examiners 
1 and 3 had similar results, but examiner 2 had more clinically significant 
differences. The maxillary and mandibular tooth diameters showed that examiners 
1 and 3 had similar measurements, whereas examiner 2 registered lower values 
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for the measurements on the digital models. Regarding overjet, the 3 examiners 
registered similar measurements with small differences, whereas measurements 
of overbite had lower values for digital models for all examiners. Measurements 
on digital models showed lower values for all examiners, with average differences 
between all parameters of 0.022 mm for examiner 1, 0.537 mm for examiner 2, and 
0.166 mm for examiner 3 (Table 3.3). The difference in measurements for overbite 
was clinically significant for almost all of the digital models, with the exception of 
examiner 1 at T5.
Regarding the influence on the accuracy of the digital models of the time 
interval between PVS impression taking and scanning, the paired t test showed 
no significant difference in results among the 3 time periods (5, 10, and 15 days) 
compared with the plaster model measurements. Table 3.4 shows the differences 
between the digital models according to the scanning interval time after the PVS 
impression taking. Digital models by PVS impression scanning of each time 
interval were superimposed with the respective dental model by plaster model 
scanning, and the results showed no statistically significant differences in the 
parameters studied (average differences, positive average differences, and negative 
average differences).
The type of soft putty had no influence on the accuracy of the digital 
models; the mean differences in maxillary arch superimpositions and mandibular 
arch superimpositions were not statistically significant (Table 3.5).
Table 3.2 Correlations among the examiners on plaster models vs. digital models.
PARAMETER
Plaster model   N = 30
Digital model PVS impression  
N = 30
Intraclass 
Correlation 
Coefficient
95% Confidence 
Interval
Intraclass 
Correlation 
Coefficient
95% Confidence 
Interval
MDD maxillay teeth (Mean) 0.891 0.814 - 0.942 0.827 0.714 – 0.906
Sum maxillary 6 0.967 0.940 – 0.983 0.956 0.922 – 0.978
Sum maxillary 12 0.964 0.936 – 0.982 0.962 0.931 – 0.980
MDD mandibular teeth (Mean) 0.881 0.797 – 0.937 0.800 0.673 – 0.890
Sum mandibular 6 0.953 0.917 – 0.976 0.927 0.871 – 0.962
Sum mandibular 12 0.967 0.941 – 0.983 0.960 0.929 – 0.980
Maxillary ICD 0.967 0.940 – 0.983 0.971 0.948 – 0.985
Mandibular ICD 0.947 0.906 – 0.973 0.963 0.933 – 0.981
Maxillary  IMD 0.987 0.977 – 0.993 0.991 0.984 – 0.996
Mandibular  IMD 0.965 0.937 – 0.982 0.980 0.964 – 0.990
Overjet 0.930 0.877 – 0.964 0.943 0.898 – 0.970
Overbite 0.965 0.936 – 0.982 0.970 0.947 – 0.985
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3.4  DISCUSSION
The results of this study demonstrate high accuracy and reliability for digital 
models based on PVS impression scanning compared with plaster models, as 
previously reported.8-11,18,26-28 The plaster models of the dentition are also a copy 
of the dentition and may not represent actual measurements of natural teeth 
because of possible dimensional changes in the impression materials and plaster 
during their fabrication.2,9 However, plaster models have been considered the gold 
standard in research for representing the accuracy of dimensions of the dentition 
in most studies, and they have been successfully used in dentistry for over 100 
years.2,3,5,6,17-25 Performing measurements on plaster models is more comfortable 
for the examiner than is making direct measurements of the dentition. A plaster 
model can be stored, manipulated, and reviewed with excellent lighting and 
appropriate tools for measurement.32 Data collection of intraoral measurements 
with calipers can be uncomfortable for the patient, especially for those with limited 
mouth opening. Ovsenik32 found no statistically significant differences between 
measurements on plaster models or direct intraoral measurements.
Scanning of plaster models can be used to replace plaster models, with 
some advantages. Digital models can reduce the space needed for actual storage 
of plaster models and the time needed to retrieve plaster models required for 
evaluation during treatment. Digital models also can be used for making a virtual 
setup for treatment simulation and custom appliance fabrication.15 
In this study, we evaluated the accuracy (proximity between measurements 
of an object and its real value) and the reliability (repetition and reproducibility 
of the measurements) of digital models made from PVS impressions with a 
surface scanner. Measurements on both plaster and digital models are inevitably 
associated with some degree of imprecision. Errors in measurements of the 
dentition arise because of several factors. The first is point identification. The 
location of a specific reference point for measurement may vary among examiners, 
regardless of the method. This difference in determinations of the reference points 
on both plaster and digital models has been described previously, and differences 
in point identification directly affect the reproducibility of the measurements.2,3,24,27 
Another measurement error is related to differences in the measurement tool. 
Measurements on plaster models are made with calipers, whereas measurements 
on digital models are made on computer screens using dedicated software. To 
reduce these errors, researchers need to be trained in indicating the measurement 
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points on both models and performing the measurements on plaster models and in 
how to use a specific software program for evaluating digital models.2,5,27,30 In this 
study, all examiners were trained before the study to indicate points and measure 
with calipers on the plaster models and to use the Ortho Analyzer software. The 
high ICC values prove that the measurements were accurate between researchers. 
A high reproducibility of the measurements on the digital models has also been 
reported in other studies.1,8,11,18,27,30
In accordance with previous reports, for measurements of overjet, overbite, 
and tooth diameters, average differences above 0.3 mm were considered to be 
clinically significant, as were transverse measurements with mean differences 
above 0.4 mm.5,30,33,34 Although the differences between several measurements were 
statistically significant, for most of them, the differences were considered clinically 
insignificant. From the 34 variables evaluated by each examiner, for examiner 1, 
only 2 clinically significant differences in measurements were found; for examiner 
2, there were 16; and for examiner 3, there were 2. These results most likely can 
be attributable to the difficulty of marking the points exactly as described in the 
measurement procedure. Markers could solve these problems but are not available 
for dental models. Examiner 2 had more discrepancies than the other 2 examiners 
relative to one another, possibly because he was an undergraduate student. Even 
though all examiners had been trained and calibrated, examiner 2 had less 
professional experience with measuring models than the other 2 examiners. 
Examiner 3 had differences in the sums of the maxillary 6 and 12 teeth less than 
1.5 mm (Table 3.3); these can be considered acceptable when the average values 
for the sum of 6 maxillary teeth is 45 mm and the sum of 12 maxillary teeth is 90 
mm.
This study has shown that digital models as used here can replace plaster 
models. On average, measurements on digital models with PVS impression 
scanning showed lower values compared with measurements on plaster models; 
this corresponds to the findings of Torassian et al.9 As reported earlier by Santoro 
et al,25 the differences in measurements of overbite were clinically significant for all 
examiners. Two possible explanations for this difference should be mentioned: the 
influence of the different measuring methods and the subjectivity of the definition 
of occlusion. Compared with measurements on plaster models with calipers, 
the measurements on digital models with dedicated software are facilitated by 
the ability to enlarge and rotate the image of the digital model on the computer 
screen. Furthermore, removal of parts of the digital model, known as “clipping,” 
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is possible. The small cursor, which can be used to mark the selected point for 
measuring on the dentition, compared with the large dimensions of the calipers 
used for measurements on plaster models, could make digital measurements of 
overjet and overbite more accurate.25 Inaccuracy of the occlusion, especially in 
relation to the vertical adjustment of the digital models, may have caused relative 
inaccuracy of the measurements of overbite in the digital models.8,10
Another method of comparison is model superimposition, which is not 
possible in plaster models but can be used in digital models.29 This method can 
be applied to evaluate the accuracy and reliability of the digital models,29,35 as 
well as to visualize and quantify tooth movement in orthodontic treatment.36 
Several types of software are available that can make this superimposition. In this 
study, we used Geomagic Qualify software, which is applied in metrology. Color-
coded displays of the deviations allow qualitative visualization of the differences 
between the digital models. We used this method to evaluate the accuracy of the 
digital models by PVS impression scanning, according to the time interval from 
impression taking to scanning and according to the type of soft putty used.
As reported in the literature, the maximum stability of alginate impressions 
is 5 days.37 Fabrication of dental setups and custom appliances on 3-dimensional 
printed dental models requires transportation of dental impressions to a dental 
laboratory. This transportation and the procedure for acquiring digital models 
from the impression usually take more than 5 days, and in case of international 
travel depend on the transportation options of each country. Thus, in this study, 
the PVS impression material was used for scanning. We scanned 10 sets of 
impressions and bite registrations at 5, 10, and 15 days after impression taking. 
A period of 15 days is the time limit of the PVS material dimensional stability 
recommended by the manufacturer. We found that PVS impressions scanned in a 
period up to 15 days with the surface scanner used in this study provided digital 
models with clinically satisfactory accuracy.
 For making PVS impressions, the clinician will receive a hard putty material 
and can select 1 of 2 types of soft putty material with different viscosities. In this 
study, we used 2 types of soft impression material (regular and light viscosity) 
to evaluate whether differences in accuracy occurred. We identified no accuracy 
differences between digital models from PVS impressions made with hard and soft 
putty with a regular viscosity impression of the maxillary arch and with soft putty 
with a light viscosity impression of the mandibular arch.
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The superimposition method of comparison showed fewer differences 
compared with the measuring method. Superimposition is done by computer 
software and thus is less subject to misinterpretations. However, the measuring 
method is important for clinical diagnosis and treatment planning in orthodontics, 
and this study has shown that both plaster models and digital models by PVS 
impression scanning can be used safely.
3.5  CONCLUSIONS
The outcome of this study demonstrates the high accuracy and reliability of 
digital models by PVS impression scanning in agreement with previous reports 
in the literature. The acquisition of digital models by surface laser scanning of 
PVS impressions scanned within 15 days after impression taking resulted in 
an accurate digital model, regardless of the soft putty viscosity type. Although 
statistically significant differences were found in measurements between the 
plaster and digital models, the accuracy and reliability of these digital models are 
clinically acceptable, except for overbite. Based on the superimposition method 
of comparison, no statistically significant difference was found. Therefore, these 
digital models can be used for treatment planning and appliance fabrication in 
clinical orthodontics.
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Abstract
Introduction: This study aimed to evaluate the influence of different superimposition 
methods on the accuracy and predictability of diagnostic conventional and virtual 
setups. 
Material and Methods: Ten finished cases were used to make a conventional 
setup and a virtual setup. Second molars were not moved in both setups to allow 
a stable reference for superimposition. Conventional and virtual setups were 
superimposed and compared by second molar registration and by whole surface 
best fit method (WSBF). Conventional and virtual setups were compared to the 
posttreatment models with WSBF and regional palatal rugae best fit (PRBF). 
Anterior, intermediate and posterior regions of the dental arches were compared. 
Paired t test compared the mean differences between conventional and virtual 
setups, posttreatment models and both conventional and virtual setups by WSBF 
method, and between maxillary posttreatment and virtual setup models using 
WSBF and PRBF methods. ANOVA was used to verify differences between the 
three selected regions of the models.
 Results: Conventional and virtual setups differed depending on the two 
superimposition methods used. Superimposition of the posttreatment models 
and both setups using WSBF presented not statistically significant differences. 
There were statistically significant differences between posttreatment and virtual 
setup models using WSBF and PRBF superimposition methods. 
Conclusions: The model superimposition method influenced the assessment of 
accuracy and predictability of setup models. There were statistically significant 
differences between the maxillary posttreatment and virtual setup models using 
the WSBF and the PRBF superimposition methods. It is important to establish 
stable structures to evaluate the accuracy and predictability of setup models.
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4.1  INTRODUCTION
A diagnostic setup can be used to simulate an orthodontic treatment and 
provides information regarding the possibilities and limitations of an 
orthodontic treatment plan. A setup can also be used to evaluate different 
treatment mechanics which will be applied and to evaluate the need for 
anchorage in a specific case. Conventional setups made on plaster casts, in 
which the segmented tooth crowns are positioned in wax, have been used in 
orthodontics for many years. Virtual setups using digital dental models have 
been increasingly adopted. 
Setups can be divided into two groups: diagnostic and therapeutic setups. 
The diagnostic setup is important to simulate treatment plans and to improve 
communication with the patient. The therapeutic setup can also be used for the 
mentioned goals, but it is also possible to fabricate orthodontic appliances such 
as clear aligners, customized buccal or lingual fixed appliance systems, indirect 
bonding trays, and customized wires bend by a wire-bending robot.1-3 
Conventional setups have been used for a long time in orthodontics but, 
due to their advantages, virtual setups can be the next gold standard for diagnosis 
and treatment planning. Some studies evaluated differences between conventional 
and virtual setups by measuring distances or by assessing occlusal indices.4,5 Earlier 
studies compared virtual setups with the posttreatment models by measuring 
distances4 or by model superimposition using the best fit alignment method.2,3,6,7 
Only one study compared the differences between conventional setups, virtual 
setups and the final outcome models. No statistically significant differences were 
found between the three types of models, but in this research only few distances 
were measured (intercanine/intermolar widths and maxillary and mandibular 
dental arch length)4 and these parameters can be easily controlled during the 
setup manufacturing. Use of transversal parameters can show misleading results 
because both canines can be displaced to the right or left in the same model which 
leaves the intercanine width unchanged. Using a model superimposition method 
improves the assessment of displacements in the three planes of the space. 
Various studies that compared dental movements in progress models 
proposed a superimposition method using stable structures as a reference such 
as the palatal rugae in the maxillary model8-10 or the mandibular torus in the 
mandibular model.11 The studies which compared therapeutic virtual setups 
with the posttreatment models used the best fit alignment technique for model 
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superimposition using the dentition as a reference.2,3,6,7 These two superimpositions 
methods are paradoxical to compare dental changes between two models. To our 
knowledge there are no studies that looked into the influence of different model 
superimposition methods in the comparison of accuracy and predictability of 
diagnostic conventional and virtual setups. 
Therefore, the aim of this study was to evaluate the influence of different 
model superimposition methods comparing the planned treatment outcome either 
using conventional (on plaster models) or virtual diagnostic setups (on digital 
models), with actual treatment outcome. The differences between conventional 
and virtual setups were also evaluated.
4.2 MATERIALS AND METHODS
4.2.1 Material
For this preclinical study, ten consecutive cases were selected from the long-term 
outcome archive of the Department of Orthodontics and Craniofacial Biology of 
the Radboud university medical center (Nijmegen, The Netherlands). Inclusion 
criteria were: finished orthodontic cases with a full permanent dentition up to 
maxillary and mandibular second molars and treated without extractions; bilateral 
Class I molar relationship before and after treatment. Mild crowding, spacing, 
deep overbite, open bite and posterior crossbite before treatment were accepted. 
Exclusion criteria were: Class II/Class III molar relationship, orthodontic/surgical 
cases, orofacial clefts and craniofacial anomalies. For all cases a set of initial and 
posttreatment radiographs (panoramic and cephalometric) and plaster models 
were available, and both the diagnosis and treatment plan were well described 
in a standardized manner as required in the postgraduate program. The selected 
cases were treated with pre-adjusted appliances by postgraduates in orthodontics, 
supervised by qualified orthodontists.
This research was conducted in accordance with the Helsinki Declaration 
with regard to research in human subjects. Ethical approval was not required 
as this was an observational study using routinely collected health data made 
anonymous.
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4.2.2 Conventional and virtual setups
The pretreatment plaster models were duplicated in a specialized orthodontic lab 
to fabricate the conventional setup. The initial plaster models were also scanned 
with the R700 scanner (3ShapeTM, Copenhagen, Denmark), using dedicated 
scanning software to acquire digital models to make the virtual setups. 
Both the conventional and virtual diagnostic setups were made by the same 
orthodontist, who was equally experienced and skilled in both setup techniques. The 
orthodontist was not involved in the treatment of any of the patients and was blinded 
for the treatment outcome. The setups were made according to the treatment plan 
described for each patient. Parameters such as the maxillary and mandibular dental 
midline according to the median sagittal facial plane and the planned correction, 
the mandibular arch form maintenance, the amount of stripping and buccal and 
lingual incisor movements according to the clinical and cephalometric analysis and 
the treatment plan, were used as a guideline for each setup. The conventional setups 
were made first and after 15 days the virtual setups were performed.
The conventional setups with segmented tooth crowns from plaster models 
were made according to the guidelines presented in the literature,12 adapted for 
the specific patient situation as described above. Virtual setups were carried out 
with the aid of Ortho Analyzer software (3Shape, Copenhagen, Denmark). For the 
virtual setups, the arch form was digitally defined, the maxillary and mandibular 
dentitions were segmented and the long axis of each tooth was defined using the 
software tools. The maxillary and mandibular second molars were not moved in 
the conventional and virtual setups in order to obtain a stable reference for the 
comparison of the setups with digital model superimposition.
4.2.3 Data acquisition
The conventional setups as well as the posttreatment plaster models of the ten cases 
were scanned with the R700 scanner to enable a comparison of the conventional 
and virtual setups and the posttreatment models by superimposition.
The digital models were exported to Standard Tessellation Language Files 
(stl files). All digital models from the virtual setups, the conventional setups and 
the posttreatment dental models were superimposed using Geomagic Qualify 
2013 software (3D Systems®, Rock Hill, South Carolina, USA). For the model 
superimpositions, only the outline of the maxillary and mandibular dentition was 
used excluding the oral soft tissues as the latter are disturbed by the conventional 
setup fabrication.2
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The conventional and virtual setups of each patient were compared 
using the maxillary and mandibular second molars as a stable reference for the 
superimpositions, as these teeth were not moved (Fig 4.1). Conventional and 
virtual setups were also superimposed by whole surface best fit method (WSBF) 
using the outline of the maxillary and mandibular dentition from first molar to 
first molar to superimpose the models by best fit registration. The conventional 
setup models were the reference for these superimpositions. 
The posttreatment models were compared with the conventional and 
virtual setup models by a superimposition method excluding the second molars, 
as they were not moved in both setup models. The posttreatment models were 
the reference for these superimpositions. The virtual setups were compared to 
the posttreatment models by two different superimpositions methods. WSBF, as 
done in other studies2,3,6,7 (Fig 4.2), and by the regional palatal rugae registration 
best fit method (PRBF) on the maxillary models, where a stable structure on the 
palate was selected as a reference to superimpose the models. In this method we 
used the medial 2/3 of the third rugae and a small area dorsal to them, as this 
region was considered to have good anatomical stability9,10 (Fig 4.3). One of the 
maxillary posttreatment models of the sample did not present a good definition 
in the anatomy of the selected reference area of the rugae, therefore only 9 models 
from the sample were evaluated by this method. After the model superimposition 
on the rugae region, all the oral tissues were digitally removed leaving only the 
outline of the maxillary dentition. It was not possible to use stable references for 
superimposition on the mandibular models of the virtual setups due to the absence 
of a stable structure such as the mandibular torus11 in the analyzed sample.
The conventional setups were compared to the posttreatment models using 
only the WSBF superimposition method because the loss of the palatal rugae 
during the dental segmentation process did not allow for superimposition on 
these stable structures on the maxillary models.5 
After the model superimpositions, the superimposed models were divided 
into three regions to evaluate possible differences between them: anterior region 
(central and lateral incisors), intermediate region (canines and first premolars) 
and posterior region (second premolars and first molars) (Fig 4.4). The second 
molars were excluded from this analysis because they were only used as a stable 
reference to perform the comparison between the conventional and virtual setups 
and could not be used in the comparison with the posttreatment models, because 
they were moved during the orthodontic treatment.
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All the superimposed models were analyzed by the Mesh Valmet 3.0 
software (https://www.nitrc.org/projects/meshvalmet).
Figure 4.1 Superimposition of conventional and virtual setups of the mandibular arch of one patient. (A) 
Digital model from the conventional setup, (B) Digital model from the virtual setup, (C) Superimposition 
of conventional and virtual setups using the second molars as reference for alignment.
Figure 4.2 Superimposition by the WSBF superimposition method of the scanned posttreatment model, 
the scanned conventional setup and the virtual setup of a mandibular arch. (A) Digital model from the 
conventional setup, (B) Digital model from the virtual setup, (C) Digital model from the posttreatment 
model, (D) Superimposition of the posttreatment model, conventional setup and virtual setup models using 
the WSBF superimposition method.
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Figure 4.3 Superimposition by the PRBF method of the scanned posttreatment model and the virtual 
setups of a maxillary arch. (A) Reference area of rugae registration for model superimposition, (B) Color 
map of the rugae registration model superimposition, (C) Superimposition of the posttreatment model 
(green) and virtual setup model (blue) using the PRBF superimposition method (Occlusal view), (D) 
Superimposition of the posttreatment model (green) and virtual setup model (blue) using the PRBF 
superimposition method (Right lateral view).
Figure 4.4 Regions selected in the study. (A) Maxillary arch of a virtual setup model, (B) Anterior region, 
(C) Intermediate region, (D) Posterior region.
4.2.4 Data analysis
Color displacement maps were generated by iterative closest-point algorithm in the 
Mesh Valmet 3.0 software to evaluate the differences in tooth position between the 
models. Maximum and minimum distances, root mean square discrepancy (RMS) 
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and the 95 percentile values were recorded. Maximum and minimum distances are 
the largest differences between any points in the comparison between the models. 
RMS is the arithmetic mean of the squares of a set of numbers that is calculated 
to mitigate the trend of underestimation produced by the average, influenced by 
positive and negative values, that tend to level each other out producing a value 
near to zero.13 95 percentile means that the distances between two given surfaces 
lie above 5% and below 95% of all values. This parameter is important since it is 
less prone to include outliers in the central trend calculation. 
4.2.5 Statistical analysis
According to the results of Shapiro-Wilk normality test, we used parametric 
tests in this study. Paired t test was used to compare the differences between the 
conventional and virtual setups models by second molar registration and WSBF 
superimposition methods. ANOVA followed by the Tukey test was performed to 
evaluate the differences in the accuracy between the anterior, intermediate and 
posterior regions of the superimpositions of the conventional and virtual setup 
models, the superimpositions by WSBF method of the posttreatment models 
and conventional and virtual setups, and the superimpositions by PRBF method 
between the maxillary posttreatment models and the virtual setup models. 
Paired t test was used to compare the differences between posttreatment models 
and both the conventional and virtual setups models by WSBF superimposition 
method, and to compare the differences between maxillary posttreatment models 
and virtual setup models using the WSBF and PRBF superimposition methods. 
P-values <0.05 were considered to be significant. The tests were performed using 
the SPSS program, version 20.0 (IBM, Armonk, NY, USA).
4.3 RESULTS
The average time to manufacture a conventional setup was 270 minutes and the 
average time for making a virtual setup was 45 minutes. The setup manufacturing 
time lasted from the beginning of teeth segmentation until the conclusion of the 
setup.
Table 4.1 shows the comparison by paired t test between conventional and 
virtual setups using the second molar registration and WSBF superimposition 
methods. Only the maximum deviation in the anterior region of the mandibular 
Leonardo_Camardella.indd   87 13-02-19   13:24
Chapter 4
88
models presented a statistically significant difference between the models, but 
all parameters presented smaller differences between the models with the WSBF 
method compared to the second molar registration method. The mean RMS 
was lower than 1.00 mm in most all parameters, except in the anterior region of 
mandibular models superimposed on second molars. The means of all parameters 
were smaller in the posterior region compared to the other regions.
Table 4.2 shows the comparison of conventional and virtual setups between 
the anterior, intermediate and posterior regions by ANOVA followed by Tukey 
test using the second molar registration and WSBF superimposition methods. 
There were no statistically significant differences in the parameters of anterior 
and intermediate regions comparison in the maxillary and mandibular models 
between both setups with the second molar registration method. The comparison 
between the posterior region with the anterior and intermediate regions showed 
larger differences compared to the differences between anterior and intermediate 
regions, but only the minimum deviation parameter in maxillary models and RMS 
parameter in mandibular models presented statistically significant differences in the 
comparison between anterior and posterior regions, and intermediate and posterior 
regions. According to the WSBF method, there were 4 parameters with statistically 
significant differences between intermediate and posterior regions, 2 parameters 
with statistically significant differences between anterior and posterior regions, and 
no statistically significant differences between anterior and intermediate regions.
Table 4.3 shows the comparison of posttreatment models and conventional 
and virtual setup models superimposed by the WSBF superimposition method, 
between the anterior, intermediate and posterior regions by ANOVA with Tukey 
test. The results presented no statistically significant differences in the parameters, 
except for the 95 percentile of the maxillary models in the comparison between 
anterior and posterior regions of posttreatment and virtual setup models. 
Table 4.4 presents the results of the paired t test for the differences 
between the posttreatment models superimposed by the WSBF method on the 
conventional and virtual setup models, considering the anterior, intermediate and 
posterior regions. The results demonstrated statistically significant differences 
between the models only in the maximum deviation in the posterior region of 
the maxillary models and in the 95 percentile in the intermediate region of the 
mandibular models. Therefore, it can be assumed that there were few differences 
between both setup models compared to the posttreatment models using the 
WSBF superimposition method.
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4
Table 4.5 shows the comparison of maxillary posttreatment models and 
virtual setup models, superimposed by PRBF method, considering the anterior, 
intermediate and posterior regions by ANOVA followed by Tukey test. There 
were no statistically significant differences for any of the parameters, so the three 
regions presented similar differences. 
Table 4.6 presents the results of the paired t test for the differences in the 
maxillary models between the posttreatment models and the virtual setup models 
superimposed by WSBF and PRBF superimposition methods, considering the 
anterior, intermediate and posterior regions. Most of the parameters showed 
statistically significant differences in the comparisons considering the three 
regions studied, with exception of the 95 percentile parameter in the intermediate 
and posterior regions. The comparison using the PRBF superimposition method 
presented larger differences in the parameters studied on the posttreatment and 
virtual setup models compared to the WSBF superimposition method.
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4.4 DISCUSSION
In this study we used a new methodology of model superimposition to investigate 
the accuracy and predictability of conventional and virtual diagnostic setups. For 
the evaluation of the differences between the setups, tolerance limits (clinically 
relevant differences) are needed and these are subjectively described in the 
literature. Larson et al.6 used mean discrepancies of 0.5 mm for mesio-distal, 
buccolingual, and vertical discrepancies and 2o for crown torque, tip, and rotation 
as a reference. Im et al.5 considered a mean difference of 1o in the “tip” value 
between virtual setups and conventional setups not clinically relevant. Grauer and 
Proffit2 mentioned in their study where they compared the virtual setup and the 
final outcome of lingual appliance treatment, that average differences less than 1.0 
mm for translational discrepancies and less than 4o for rotational discrepancies 
were considered not clinically relevant. 
From the literature, it can be concluded that the differences between 
conventional and virtual setups can vary between studies and between samples 
in a specific study. These differences mainly occur because of the subjective 
manufacturing technique of positioning the teeth.14 Even though some guidelines 
have been described to prepare a setup,12 both the conventional as well as the 
virtual setup can be different when performed by different operators. The final 
setup will be based on the clinical experience of the orthodontist and even the 
same clinician can make a different setup when the setup procedure is repeated.14 
As there are different software programs available which use different procedures 
to make virtual setups, the setups made with the use of these programs can differ.14 
The experience of the operator with a specific virtual setup software program may 
play a role. That is why in this study only one orthodontist made the setups with 
only one software.
In this study, it was not possible to perform the model superimposition of the 
conventional and virtual setups using stable structures in the maxilla or mandible 
such as the palatal rugae8-10 or the mandibular torus,11 because these structures 
are removed during the conventional setup manufacturing. Furthermore, none 
of the selected patients had dental implants, or TAD’s which could be used as a 
stable structure for superimposition. Therefore, the second molars, which were 
not moved during both setups manufacturing, were used as a stable reference 
for the model superimposition between the conventional and virtual setups. The 
WSBF superimposition method was used to be compared with the stable structure 
superimposition method.
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Our study showed that conventional and virtual setups differed when 
superimposed on each other dependent on the superimposition method. In 
general, with both model superimposition methods, the anterior region showed 
mainly small differences in the incisors’ anteroposterior relationship with more 
protrusion in the conventional setup models. In the vertical relationship there was 
more extrusion in the conventional setup models, and, in the intermediate and 
posterior regions, small differences were found in the transversal relationship with 
more expansion and more teeth extrusion in the conventional setups compared 
to virtual ones. However, considering the three regions studied, the differences 
in RMS were lower than 1.0 mm, with exception of the anterior mandibular 
region with the second molar registration method, which was 1.066 mm (Table 
4.1). These differences are within the threshold for translational discrepancies 
determined by Grauer and Proffit.2 There were no statistically significant 
differences between the two superimposition methods used for most parameters, 
and all differences were minimized using the WSBF method compared to the 
stable structure superimposition method (second molars not moved). Our sample 
comprised Class I non-extraction cases. Maybe a sample with Class II and Class 
III extraction cases would show more and larger differences between conventional 
and virtual setups using the stable structure or WSBF superimposition methods, 
because protrusive and retrusive incisor movements and dental midline changes 
may be better evaluated using the stable structure superimposition method. The 
differences between the three regions showed that, compared to the anterior 
and intermediate regions, the posterior region presented smaller differences 
between both setup models using both superimposition methods. Anterior and 
intermediate regions presented similar differences (Table 4.2).
It is important to compare the accuracy of conventional and virtual setups, 
but it is also paramount to verify their predictability. Therefore the digitized 
posttreatment models were compared to both pretreatment setups by model 
superimposition from first to first molar in both arches because the second molars 
were not moved in the conventional and virtual setups. In the maxillary models, 
two model superimposition methods were applied: WSBF and PRBF. Although the 
WSBF superimposition technique was used in other similar studies and showed 
high accuracy and reproducibility,2,3,6,7 this method does not use a stable structure 
as a reference as all teeth usually move during orthodontic treatment. That is why 
the studies which analyze dental movements during fixed appliance treatment 
frequently use stable structures as a reference for the model superimposition such 
as the palatal rugae.8-10 
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According to the superimposition by the WSBF method, the mean 
differences between the posttreatment and conventional setup models were, for 
most of the parameters, larger than the mean differences between the posttreatment 
and virtual setup models. However, with the paired t test, most of these differences 
were not statistically significant in the three regions studied, except the maximum 
deviation parameter in the posterior region of the maxillary models, and the 95 
percentile parameter in the intermediate region of the mandibular models (Table 
4.4). According to ANOVA, the differences between the regions studied in the 
comparison of posttreatment and conventional and virtual setups superimposed 
by WSBF method were not statistically significant, with exception of one parameter 
(Table 4.3). From these results, it can be concluded that both the conventional and 
virtual setups can be efficiently used to visualize the treatment outcome, because 
the RMS and 95 percentile differences between both setup modalities and the 
posttreatment models were small (mean differences were less than 1 mm) and not 
statistically significant. These differences can be considered not clinically relevant 
according to the literature.2
In this study, the comparison between maxillary posttreatment and virtual 
setup models was also performed using the rugae registration as a reference.9 
The sample selection of this study, with cases without extractions, favors the 
preservation of the palatal rugae mesh anatomy in the virtual setup model due 
to less incisor retrusion during the orthodontic treatment. Another movement 
that can change the palatal anatomy in a virtual setup is a large amount of arch 
expansion, which was also not performed in our sample. That is why we could 
use the medial 2/3 of the third rugae and a small area dorsal to them, which is 
considered a stable reference for the model superimposition.9,10 The comparison 
by ANOVA between the regions did not present statistical significant differences 
in any parameter between maxillary posttreatment and virtual setup models 
by PRBF model superimposition (Table 4.5). However, statistically significant 
differences were found in the comparison of posttreatment and virtual setup 
models for nearly all parameters regarding the two superimpositions methods 
used (WSBF and PRBF). The WSBF superimposition technique presented 
smaller differences between the models compared to the PRBF superimposition 
method in all parameters. This suggests that the WSBF method minimizes the 
differences between the models because this technique uses an iterative closest-
point algorithm to align the posttreatment digital models and the setup models 
according to the best fit without considering stable structures as reference, which 
can mask the results. 
Leonardo_Camardella.indd   100 13-02-19   13:24
The influence of different model superimposition methods to assess the accuracy and 
predictability of conventional and virtual orthodontic diagnostic setups
101
4
Therefore, we conclude that the WSBF method can be used accurately to 
superimpose the same model created by different acquisition methods to analyze 
their possible differences.15,16 It is not wise to use WSBF superimposition method 
to compare different models such as progress models during an orthodontic 
treatment or a planned setup model and a posttreatment model. In this case, it 
is important to establish stable structures as a reference to compare the dental 
positions. It is a challenge to establish stable references using only the teeth 
because they are frequently moved during an orthodontic treatment. Possibilities 
are to use dental implants or teeth that will not be moved according to the virtual 
plan in an aligner treatment. According to our study the superimposition with 
the PRBF method showed some vertical changes such as dental extrusions in the 
posttreatment models that are more difficult to predict in a virtual planning. These 
changes can be caused by the orthodontic mechanics or as a result of the patient’s 
growth. Therefore, it is fundamental to include the palatal area in every intra-oral 
scan in order to allow future reliable follow-up model superimpositions.
The results of this study showed that the orthodontic treatment outcome 
will not be exactly as presented in the diagnostic setup. During each orthodontic 
treatment, complications such as an individual response to treatment mechanics, 
bony and/or periodontal restrictions, lack of cooperation in the use of extra-
oral appliances or elastics, can cause a difference between the planned and the 
actual treatment outcome. These diagnostic setups should be used for patient 
communications and help care providers to finalize the treatment plan, and should 
not be presented as a precision tool for treatment outcome. 
This study does not deal with therapeutic setups. Diagnostic and 
therapeutic setups are significantly different. Specifically, therapeutic setups are 
used to fabricate custom appliances, robotic bend wires and clear aligner therapy, 
while diagnostic setups are more simulating the outcome. The question whether 
appliances designed based on therapeutic setups can consistently deliver the 
simulated outcome cannot be answered with the present study setup. 
According to the results, the accuracy of conventional and virtual setups 
was similar compared to the posttreatment models according to the WSBF 
superimposition method. Therefore virtual setups could be selected as a preferred 
option to simulate treatment because of their advantages, such as: less time needed 
for making the setup; digital storage of the setup; easy data transfer; the possibility 
to show different treatment options with one set of digital dental models; the 
visualization of the tooth movement and the amount of tooth size reduction needed; 
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the possibility to undo planned dental movements and stripping performed; and 
the option to use the palatal rugae as a reference for model superimposition. 
Furthermore, the virtual setup is a valuable communication tool, using videos of 
the planned dental movements to show to the patient.17 
There are some limitations in this study. This was a preclinical study of 
diagnostic setups restricted to Class I malocclusions treated without extractions. 
It is possible that predicted and final outcome differ more for Class II and Class 
III malocclusions in growing patients because more assumptions must be made 
about growth and compliance. Furthermore, only intra-arch evaluations were 
performed in the superimpositions, and inter-arch changes could not be evaluated 
in this study. In addition, only the differences in the three segments of each arch 
were evaluated and not individual teeth positions. Future studies on the accuracy 
and predictability of conventional and virtual diagnostic setups in orthodontics 
using the superimpositions methods proposed in this study should also focus on 
the evaluation of other malocclusions.
4.5 CONCLUSIONS
This study showed that the model superimposition method applied has an effect 
on the assessment of accuracy and predictability of setup models. There were 
statistically significant differences between the maxillary posttreatment and virtual 
setup models using the WSBF and the PRBF superimposition methods. The PRBF 
method showed larger differences between the models compared to the WSBF 
method. It is important to establish stable structures as a reference to evaluate the 
accuracy and predictability of setup models.
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Abstract
Introduction: The aim of this study was to verify the accuracy of preformed wire 
shape templates on plaster models and those of customized digital arch form 
diagrams on digital models. 
Methods: Twenty pairs of dental plaster models were randomly selected from the 
archives of the Department of Orthodontics of Federal Fluminense University, 
Niterói, Rio de Janeiro, Brazil. All plaster model samples were scanned in a plaster 
model scanner to create the respective digital models. Three examiners defined 
the arch form on the mandibular arch of these models by selecting the ideal 
preformed wire shape template on each plaster model or by making a customized 
digital arch form on the digital models using a digital arch form customization 
tool. These 2 arch forms were superimposed by the best-fit method. The greatest 
differences in the 6 regions on the superimposed arches were evaluated. Each 
examiner presented a descriptive analysis with the means, standard deviation, and 
minimum and maximum intervals of the differences on the superimpositions. 
Intraclass correlation coefficient and paired t tests were used to evaluate the 
accuracy of the superimpositions. 
Results: Among the 6 regions analyzed in the superimpositions, the largest 
differences in the anterior and premolar regions were considered clinically 
insignificant, whereas the largest differences in the right molar region, especially 
the second molar area, were considered clinically significant by all 3 examiners. 
The intraclass correlation coefficients showed a weak correlation in the premolar 
region and moderate correlations in the anterior and molar regions. The paired 
t test showed statistically significant differences in the left anterior and premolar 
regions. 
Conclusions: The superimpositions between the arch forms on plaster and 
digital models were considered accurate, and the differences were not clinically 
significant, with the exception of the second molar area. Despite the favorable 
results, the requirement of correcting some software problems may hamper the 
transition from plaster to digital models.
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5.1  INTRODUCTION
The key to the success or failure of an orthodontic treatment is related to the 
correct positioning of the teeth in the apical base; the arch form must be preserved 
along with its transversal dimensions. It is also important to maintain a functional 
balance between the tongue and the circumoral muscle forces.1 Because of the 
immense variability in dental arch forms among patients, any arch form may not 
fit every dental arch.2-6 According to Lee et al,7 arch form types are influenced 
by tooth size, arch width, and inclination of the posterior teeth. Paranhos et al5 
found that the most common shape of the mandibular dental arch was oval (41%), 
followed by square (39%) and tapered (20%).
Since the arch form is an important factor for the stability of the orthodontic 
treatment, several diagrams or wire shape templates were proposed to facilitate 
or make more didactic the representation of the mandibular arch shape.7 The 
plaster model is a traditionally used tool for diagnosis and treatment planning in 
orthodontics. It is often used to choose the best diagram that determines the shape 
of the mandibular arch. However, handling plaster models during wire shape 
definition might not always be practical; moreover, fractures are common. In such 
instances, the use of digital models may prove to be a good alternative.
Some studies have proposed arch form definitions with software programs 
on digital models4-6,8-13 and photocopied plaster models.2,3,7,14-18 The first attempts 
to draw a curve representing the arch forms from radiographs of plaster models 
using computer software programs were conducted in the late 1960s.19 However, 
within the next 2 decades, the use of software programs to define the arch form 
on photocopies of plaster models had gained popularity in clinical orthodontic 
practices.2,14
Several studies have suggested different methods for the attainment of an 
optimum arch shape. Some standard forms such as semicircle, ellipse, parabola, 
catenary curve, and wire shape diagrams including tapered, ovoid, and square 
forms have been widely used to select prefabricated orthodontic archwires.10 The 
application of a Cartesian system onto the photocopies of the plaster models, 
identifying the x- and y-axes, facilitates the visual evaluation of arch morphology. 
Another option is the application of sixth-degree polynomials, establishing the 
6 most preponderant arch configurations, thereby guiding the orthodontist to 
visually choose the one that best fits the patient.3 It was observed that, irrespective 
of the complexity of the methodology used to determine and choose the dental 
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arch shape, the final choice is subjectively made by the orthodontist in a visual 
manner.5
According to a study by Trivino et al,3 the arch curve morphology in the 
anterior region was divided into 8 groups with 3 sizes in each region. A wire shape 
diagram template for plaster models was created based on this study.20 Nowadays, 
customizing the designing of arch forms may provide an option for accurately 
describing the ideal orthodontic arch form for a particular patient.6,17
In clinical orthodontic practice, the selection of preformed archwires is 
estimated by visual examination or with the aid of arch form templates. The choice 
of diagrams or wire shape templates in plaster models is a routine procedure used 
by orthodontists. However, there are doubts about the accuracy of diagrams in 
digital models when compared with plaster models because of the lack of scientific 
evidence.6 Furthermore, since it is a new procedure, some orthodontists are not 
familiar with the use of diagrams in digital models either in the form of digitized 
arch form templates or by creating customized digital diagrams using specific 
software programs.
In this study, we aimed to verify the accuracy of the use of wire shape 
diagrams on plaster models and customized digital arch forms on digital models 
based on evaluations by 3 examiners.
5.2  MATERIALS AND METHODS
From the archives of the Department of Orthodontics of Federal Fluminense 
University, Niteroi, Rio de Janeiro, Brazil a sample containing 20 pairs of dental 
plaster models was randomly selected. The following inclusion criteria were used 
in this study: presence of all maxillary and mandibular permanent teeth up to 
the second molars, malocclusions with different levels of severity, various arch 
shapes, and treatments without dental extractions. Exclusion criteria were models 
of surgical patients and those with severe growth abnormalities. The local ethics 
committee of our university approved this study on July 22, 2016 (process number 
57075116.0.0000.5243).
The following 3 examiners were included in this study: an undergraduate 
student of dentistry (examiner 1), a postgraduate student of orthodontics 
(examiner 2), and an orthodontist with more than 10 years of experience (examiner 
3). Mucha’s arch form individualized diagram, a wire shape diagram template used 
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in the Orthodontics Department of Federal Fluminense University, Niterói, Rio 
de Janeiro, Brazil,20 presents 20 arch types printed on transparent acetate that is 
superimposed on the patient’s original plaster model. These arch forms are divided 
into 5 shapes (1, tapered; 2, flattened; 3, rounded; 4, ovoid; and 5, squared). Each 
shape has 4 sizes ranging from small to large (Fig 5.1). This wire shape diagram 
template was used by the 3 examiners in this study.
Figure 5.1 Arch form template used in the study.
All examiners selected the ideal wire shape diagram on each plaster model 
on the mandibular arch according to the guidelines of Trivino et al.3 Markings 
made from visual inspection were used to identify the points corresponding to 
the mandibular midline, the position of the bracket slots on the labial face of the 
mandibular canines, and the position of the bracket slots or tubes on the labial 
surface of the mandibular first molars. After calibration, each examiner chose 
the diagram that best fit the mandibular arch shape on the plaster models of the 
sample (Fig 5.2). Two weeks later, all examiners made a new arch form selection 
on the same plaster models to evaluate the reproducibility of the method.
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Figure 5.2 Arch form template with the best fit on the plaster model.
Samples of all 20 pairs of plaster models were scanned in a plaster model 
scanner (R700; 3ShapeTM, Copenhagen, Denmark) to create the respective digital 
models. Each examiner made a digital arch form diagram on the mandibular arch 
of each digital model using the digital arch form customization tool in the Ortho 
Analyzer software (version 1.6.1.0, updated October 30, 2015; 3Shape) according 
to the same references used to define the arch form diagram for the plaster 
models. Each digital arch form diagram, superimposed onto the mandibular arch, 
was individually exported as a report generated in PDF format by the software. 
The arch form figure was cropped from the report using the software program 
Photoshop CS6 (Adobe Systems, San Jose, Calif, USA). A difference was noticed 
in magnification between the arch form size in the PDF report and the actual size 
of the models. On average, the arch sizes of the samples in the reports were 39.52% 
larger (range, 39.10%-40.22%) than the real dimensions of the digital models. 
This magnification was corrected in each digital arch form to standardize a real 
proportion of 1:1 to enable a comparison by superimposition onto the arch forms 
selected on the plaster models (Fig 5.3).
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The arch form of each digital model created in the Ortho Analyzer software 
was superimposed onto the respective arch form diagram selected on the plaster 
model by each examiner in the first set (Fig 5.4). The best-fit method, selecting 
the central region as a reference, was used to superimpose both arch forms using 
the Photoshop software. Differences between the superimposed arch forms were 
evaluated by splitting the diagrams into 6 segments (molar, premolar, and anterior 
regions on the left and right sides) (Fig 5.5). The wire shape diagram selected for 
each plaster model was used as the reference. The largest difference between the 
superimposed arches in each region was calculated using the Photoshop software. 
An expansion of the customized digital arch form when compared with the wire 
shape diagram for the plaster model was considered to be a positive value, whereas 
a contraction of the customized digital arch form was considered to be a negative 
value.
Figure 5.3 Digital arch form manufacturing using the Ortho Analyzer software.
Figure 5.4 Superimpositions between the arch form template selected on the plaster model (black line) and 
the digital arch form created on the digital model (blue line) of a dental model in the sample by examiners 
1, 2, and 3, respectively.
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Figure 5.5 Six regions evaluated in the arch superimpositions between the arch form template selected on 
the plaster model (black line) and the digital arch form created on the digital model (blue line).
5.2.1  Statistical analysis
Statistical analysis was performed with SPSS software for Windows (version 20.0; 
IBM, Armonk, NY). The agreement between the 2 sets of wire shape diagrams 
selected on the plaster models by each examiner was evaluated using the kappa 
statistical test, at the 5% significance level. Kappa values range from -1 to +1, and 
according to the literature,21 +1 establishes perfect agreement; from 0.99 to 0.81 
is excellent agreement; from 0.80 to 0.61 is good agreement; from 0.60 to 0.41 is 
regular agreement; from 0.40 to 0.21 is fair agreement; from 0.20 to 0.00 is poor 
agreement; and < 0.00 is no agreement. The interexaminer level of agreement on 
the first set of wire shape diagrams selected on the plaster models was also tested 
by the kappa statistical test at a significance level of 5%. Both intraexaminer and 
interexaminer agreements for each chosen diagram were evaluated according to 
the individual arch form and considering only the selected shape (1, 2, 3, 4, or 5).
A descriptive analysis was presented to report the means, standard 
deviations, and minimum and maximum intervals of the superimpositions of the 
diagrams of each examiner. The largest differences between the superimpositions 
of the customized digital arch form on the digital models and the selected arch 
shape diagram for the plaster model in the 6 selected regions were compared 
among the 3 examiners using the intraclass correlation coefficient and paired t tests 
to evaluate the accuracy. P-values < 0.05 were considered statistically significant.
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5.3  RESULTS
Table 5.1 presents the intraexaminer and interexaminer agreements of the selected 
wire shape diagrams on the plaster models using the kappa statistical test. The 
diagrams selected were compared both individually and considering only the 
selected arch shape. In the case of arch shape selection, intraexaminer tests showed 
perfect agreement for examiner 3, excellent agreement for examiner 2, and good 
agreement for examiner 1, whereas interexaminer tests showed perfect agreement 
between examiners 1 and 3, and excellent agreements between examiners 1 and 
2 and examiners 2 and 3. In the case of the individual arch shape diagram, all 
intraexaminer and interexaminer comparisons had good agreement, with the 
exception of the intraexaminer agreement for examiner 1, which was considered 
to be regular.
Table 5.2 shows the descriptive analysis of the largest differences between 
the arch form diagrams selected for the plaster models superimposed onto the 
customized digital arch forms on the digital models. The thickness of the line in 
both diagrams was 0.50 mm. Differences were calculated in the 6 regions, but the 
molar region on both sides was further divided into first and second molar regions. 
The differences were evaluated in 2 rankings according to the clinically perceptible 
level, since a difference of less than 1 mm is compatible with the accuracy of the 
human eye. Differences of 0 to 1.00 mm were considered clinically insignificant, 
and those larger than 1.00 mm were considered clinically significant.8,22
The largest differences between the diagram superimpositions in the 
anterior and premolar regions were considered clinically insignificant by all 
examiners. The largest differences in the right molar region were considered 
clinically significant by all examiners, whereas those in the left molar region were 
considered clinically insignificant by examiners 1 and 3, and clinically significant 
by examiner 2. Considering only the molar regions on the left and right sides, the 
largest differences in the first molar for both sides were not deemed to be clinically 
significant by the examiners. However, for the second molar, clinical significance 
was noted by all examiners on the right side and only by examiner 2 on the left 
side.
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Table 5.1 Intraexaminer and interexaminer agreement of the selected wire shape diagrams with the kappa 
statistical test.
Parameter Arch form diagram (considering only 
the shape)
Arch form diagram
Intra-examiner
Examiner 1 0.776 0.505
Examiner 2 0.854 0.780
Examiner 3 1.000 0.773
Inter-examiner
Examiners 1 X 2 0.846 0.611
Examiners 1 X 3 1.000 0.716
Examiners 2 X 3 0.846 0.719
Table 5.2 Descriptive statistical analysis of the differences in superimpositions between the selected arch 
shape diagram for the plaster model and the customized digital arch form on the digital models (whole arch 
and molar regions divided).
Examiner 1 Examiner 2 Examiner 3
Parameter Mean SD Min Max Mean SD Min Max Mean SD Min Max
Left Molar 0.55 1.26 -1.40 3.30 1.07 1.01 -0.90 3.10 0.87 1.00 -0.90 3.00
Left 
Premolar
0.26 0.64 -1.20 0.90 0.50 0.36 -0.20 1.10 -0.07 0.50 -1.10 0.70
Left 
Anterior
0.33 0.50 -0.80 1.30 0.71 0.40 -0.10 1.50 0.28 0.41 -0.70 0.80
Right 
Anterior
0.24 0.65 -1.60 1.20 0.41 0.50 -0.70 1.40 0.17 0.47 -1.20 0.80
Right 
Premolar
0.52 0.84 -1.70 1.80 0.53 0.43 0.00 1.40 0.36 0.63 -1.30 1.80
Right 
Molar
1.44 1.08 -1.20 3.30 1.37 1.02 -0.30 4.40 1.25 0.64 0.00 2.40
Molar region
Left  
1st Molar
0.08 0.60 -1.40 1.30 0.22 0.51 -0.90 1.00 0.17 0.60 -0.90 1.30
Left 
2nd Molar
0.33 1.33 -1.40 3.30 1.06 1.01 -0.70 3.10 0.82 1.02 -1.30 3.00
Right  
1st Molar
0.79 0.64 -0.70 2.00 0.61 0.60 -0.30 1.90 0.76 0.51 0.00 2.20
Right  
2nd Molar
1.33 1.17 -1.20 3.30 1.32 1.08 -0.30 4.40 1.20 0.67 0.00 2.40
Tables 5.3 and 5.4 present the intraclass correlation coefficients and paired 
t test results, respectively, for the largest differences in the superimpositions of the 
selected arch shape diagrams for the plaster models and the customized digital 
arch forms for the digital models according to the different arch regions among 
the 3 examiners. The results showed a weak correlation in the premolar region and 
moderate correlations in the anterior and molar regions. Considering only the 
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molar regions on both sides, the second molars had a better correlation compared 
with the first molars.
Paired t tests showed statistically significant differences in arch form 
superimpositions between examiners 1 and 2 and examiners 2 and 3 in the left 
anterior region, and between examiners 1 and 3 and examiners 2 and 3 in the left 
premolar region. Considering only the molar regions for both sides, only the left 
second molar region had statistically significant differences between the examiners. 
The standard deviations showed large variations in arch form superimpositions 
among the examiners.
Table 5.3 Intraclass correlation coefficient between examiners of the differences in the superimpositions 
between the selected arch shape diagram for the plaster model and the customized digital arch form on the 
digital models (whole arch and molar regions divided).
Parameter ICC 95% CI Lower 95% CI Upper
Left Molar 0.557 0.296 0.772
Left Premolar 0.186 -0.072 0.495
Left Anterior 0.681 0.457 0.845
Right Anterior 0.414 0.138 0.678
Right Premolar 0.177 -0.078 0.488
Right Molar 0.624 0.380 0.813
Molar region
Left 1st Molar 0.404 0.128 0.671
Left 2nd Molar 0.712 0.499 0.862
Right 1st Molar 0.366 0.090 0.643
Right 2nd Molar 0.698 0.479 0.854
Table 5.4 Paired t tests between examiners of the differences in the superimpositions between the selected 
arch shape diagram for the plaster model and the customized digital arch form on the digital models (whole 
arch and molar regions divided).
Parameter Examiner 1 vs.2 Examiner 1 vs.3 Examiner 2 vs.3
Mean Standard 
deviation
P-value Mean Standard 
deviation
P-value Mean Standard 
deviation
P-value
Left Molar 0.05 1.45 0.88 -0.32 1.04 0.19 0.20 0.76 0.25
Left Premolar -0.24 0.74 0.17 0.33 0.66 0.04 0.57 0.53 0.00
Left Anterior -0.38 0.44 0.00 0.05 0.25 0.38 0.43 0.34 0.00
Right Anterior -0.17 0.72 0.30 0.07 0.50 0.54 0.24 0.52 0.05
Right Premolar 0.05 1.00 0.83 0.22 0.73 0.20 0.17 0.77 0.35
Right Molar 0.07 0.71 0.66 0.19 0.88 0.36 0.12 0.83 0.54
Molar region
Left 1st Molar -0.14 0.72 0.41 -0.09 0.71 0.58 0.05 0.40 0.62
Left 2nd Molar -0.73 1.06 0.01 -0.49 0.95 0.03 0.24 0.42 0.02
Right 1st Molar 0.18 0.66 0.25 0.03 0.70 0.85 -0.15 0.62 0.31
Right 2nd Molar 0.01 0.73 0.95 0.13 0.83 0.49 0.12 0.76 0.49
Significant at P < 0.05.
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5.4  DISCUSSION
The introduction of digital models and the prospect of working with digital 
documentations can prove beneficial for the orthodontist.23 However, the 
transition from plaster to digital models may be hampered by the need to use 
specific programs to manipulate the digital models; this requires a learning curve 
for understanding, as well as a financial investment for the software programs.24
Arch form definition is a subjective process in the mind of the orthodontist 
and relies on clinical experience. Some use the alveolar ridge form of plaster 
models as a reference for the fabrication of archwires, whereas others use the 
incisal edges and cusp tips, the most facial portion of the proximal contact area, 
the facial axis point, or the simulated bracket bonding with a glued glass bead 
as a reference.3,6,12,13,17,18 General human error can be expected in these subjective 
analyses, rendering the intraexaminer and interexaminer reproducibilities of 
these evaluations inaccurate. Hence, the difficulty in classifying the arch shape 
might result in unreliable classification of intermediate forms, indicating that 
calibration should be performed among examiners before classification, especially 
for the shapes of the boundaries.10 We used the same reference markings described 
by Trivino et al3 from visual inspection to the selection of the ideal wire shape 
diagram for both plaster and digital models. A calibration method between the 
examiners was applied before the arch form definition on both models.
Despite the subjectivity of the method, the results of our study, which 
evaluated the agreement of wire shape template selection on plaster models 
using the kappa statistical test, demonstrated excellent reproducibility of wire 
shape template selection among the examiners after the calibration process. The 
agreement in arch form selection was better when only the shape of the diagrams 
was considered compared with when the individual arch form was considered. A 
possible explanation for this outcome is that only 5 arch forms considering only 
the arch shape were compared in contrast to the 20 diagram types used while 
considering individual arch forms. Examiner 1 had the worst intraexaminer 
agreement compared with the other examiners; this might have been because this 
examiner was an undergraduate student with less experience.
The definition of the arch form diagram in digital models is poorly described 
in the literature.6 Therefore, orthodontists have doubts in the management of the 
wire shape diagrams in patients using digital models. Some software programs 
can provide this digital arch form using specific tools.6 With the Ortho Analyzer 
Leonardo_Camardella.indd   116 13-02-19   13:24
Agreement in the determination of preformed wire shape templates on plaster models and 
customized digital arch form diagrams on digital models
117
5
software version used in this study, it was possible to create a customized digital 
arch form on the mandibular arch and to overlay a digitized figure of an arch 
form diagram on the digital mandibular model. We faced some difficulties in both 
of these cases. It was possible to create a customized digital arch form using the 
software tool, but the arch size magnification generated in the PDF report was 
39.52% larger than the real dimensions of the digital models on average. This 
magnification should be corrected in each digital arch form to standardize a real 
proportion of 1:1 for use in clinical practice before it is printed on paper, thus 
making the process more time consuming. It was not possible to perform the 
latter arch form definition method using the overlay tool of the software due to the 
distortion observed when the figure of the arch form diagram was placed on the 
available grid to perform the overlay on the digital models. Therefore, we used the 
arch form customization tool in the Ortho Analyzer software to define the digital 
wire shape diagram, despite the need for magnification size correction to obtain 
the real proportions of the digital arch form.
All customized digital arch forms defined by the examiners using the 
software were superimposed with the corresponding arch form diagrams selected 
on the plaster models in the first set. Several approaches such as the best-fit 
and the root mean square methods have been proposed to fit the curve of the 
preformed archwires to the original arch of the patient. In the best-fit method, the 
archwires are visually compared according to the best fit,2,6,13 whereas in the root 
mean square method, a standard mathematic value is evaluated by the similarity 
between the 2 curves.11 In this study, we used the best-fit method to perform the 
superimpositions between the wire shape diagrams selected on plaster models and 
the customized digital arch forms on digital models by each examiner.
The arch superimposition results showed that the largest differences in the 
anterior and premolar regions were considered clinically insignificant by all 3 
examiners. In the molar region, the differences on the right side were considered 
clinically significant by all examiners, whereas those on the left were deemed 
significant by only examiner 2. The mean differences in values were lower in the 
anterior and premolar regions when the thickness of the arch shape line (0.50mm) 
was compared for examiners 1 and 3, and almost for examiner 2, which presented 
a mean difference larger than 0.50mm only in the left anterior region. The largest 
differences were found in the right and left molar regions for all examiners (Table 
5.2).
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The largest differences in the molar region were solely observed in the 
second molars on both sides; examiner 2 found the largest difference (4.40 mm) 
among the 3 examiners in the right second molar region in 1 arch superimposition. 
The largest differences noted in the first molar regions were deemed clinically 
insignificant by all examiners. In general, the customized digital arch forms were 
expanded when compared with the arch form diagrams selected on the plaster 
models (Table 5.2).
The results of this study are similar to those by Nouri et al,8 who evaluated 
the differences in recording the coordinates of clinical bracket points between 
the coordinate measuring machine device and a 3-dimensional laser scanner 
they developed. The coordinates of clinical bracket points are helpful in drawing 
a polynomial curve of the dental arch. The results of their study showed an 
increasing gradient in the differences observed between the methods, moving 
from the anterior to the posterior teeth. The smallest difference was observed in the 
central incisors, and the maximum difference was in the molar region, similar to 
our findings. The differences were slightly varied from 0.2 to 0.9 mm with a mean 
difference of 0.616 mm, which is considered below the clinically perceptible level. 
Another study stated that an average difference greater than 1 mm is statistically 
significant and also assumed to be clinically significant since the arch form tends 
to return to the original or even a narrower pretreatment form after the retention 
period.22
The results of the arch superimpositions suggest that there are differences 
between the 2 methods used to define the arch form shape on plaster and digital 
models, but these differences were not considered clinically significant except for 
those in the second molar region. The digital arch forms were slightly broader 
when compared with the arch forms selected on the plaster models, and this 
expansion was strongly found in the second molar region. A possible explanation 
is that, in the preformed wire shape templates on plaster models, the orthodontist 
should adapt the best diagram for a patient, and sometimes the same arch form 
template can fit well in some areas and not as well in other areas due to its fixed 
shape. In this study, we noticed a good fit in the anterior and first molar regions. 
However, in some cases there were slight differences in the premolar region and 
large differences in the second molar areas, with contraction of the preformed wire 
shape template when compared with the anatomic arch form on the plaster model. 
In addition, large differences in the superimpositions in asymmetric arches mainly 
located in the premolar region were noted by the 3 examiners.
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The customized arch form definition for the digital models using the 
software enables orthodontists to define the diagram in a free manner. Therefore, 
it is possible to create an arch form that best fits in more areas than those created by 
the conventional method using preformed wire shape templates on plaster models. 
In this study, the customized digital arch forms on the digital models represented 
the anatomic second molar area better when compared with the preformed wire 
shape diagrams selected on the plaster models (Fig 5.6). Another advantage of 
the use of customized digital arch forms is the possibility of creating an arch form 
according to the virtual setup performed for a patient.
Figure 5.6 Arch form superimposition showing the differences in the second molar region between the arch 
form template selected on the plaster model (black line) and the digital arch form created on the digital 
model (blue line).
Arch form classification is especially important when using preformed 
archwires; however, there is some subjectivity in the classification of these 
commercial arch forms. Although the range of the current commercially available 
preformed orthodontic archwires does not include diverse dental arch forms,2,25 
orthodontists should select the best archwire among the available types based on 
the patient’s arch form and their clinical expertise.11 The differences between the 
superimposed arches were considered clinically insignificant, even though the 
intraclass correlation coefficient showed a weak correlation in the premolar region 
and moderate correlations in the anterior and molar regions among the examiners 
(Table 5.3). These differences can be caused by the subjective method of arch 
form definition in both plaster and digital models by each examiner, especially 
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in asymmetric arches in the premolar region. However, according to the paired 
t test, few differences between the superimposed arches were found among the 
examiners in the selected regions. The differences were considered statistically 
significant only in the left anterior and premolar regions, and in the left second 
molar region (Table 5.4). Therefore, despite the differences between the arch form 
diagrams for the plaster and digital models and among the examiners that are 
inherent in the methods, they cannot clinically alter the arch forms during the 
orthodontic treatment. The results suggest that it is safe to use either method to 
define the arch form for a patient on plaster or digital models.
The definition of the arch form diagram is imperative in maintaining arch 
dimensions and in guiding the orthodontic treatment. The orthodontist can adjust 
the curvature of the archwire according to the arch form diagram in all cases, 
except for the heat activated nickel-titanium arches. Elastic-alloy wires of average 
shape and size can be used during the leveling and alignment phase, after which it 
is essential to maintain the dental arch configuration to ensure the success of the 
orthodontic treatment because of its great influence on stability. Changes in arch 
form by memory-shape archwires at the beginning of treatment can be corrected 
by the subsequent use of customized stainless steel therapeutic archwires according 
to the patient’s arch form diagram. Nevertheless, this inconvenience may increase 
the total treatment time and lead to “round tripping” of the teeth.26
Nouri et al11 determined the magnitudes of differences caused by the 
available archwires if used as therapeutic archwires for patients with normal 
occlusion. The differences in their study ranged from 0.48 to 4.68 mm, part of 
which could be compensated by the thickness of the brackets.25 In our study, the 
range of difference between the superimposed arches was -1.70 to 4.40 mm, which 
was considered quite similar to the aforementioned study. The negative value 
indicates that the customized digital arch form was contracted when compared 
with the arch form diagram on the plaster model, whereas positive values indicate 
the opposite.
The arch form tool in the Ortho Analyzer software enabled us to define the 
form of the maxillary arch from the ideal mandibular arch using a coordination 
of 2.0 mm overjet between the arches (Fig 5.7). Therefore, both mandibular and 
maxillary arches can be defined in the software to treat a specific malocclusion. 
However, according to the literature, there might be differences in coordination 
between the maxillary and mandibular arches. A study showed a tendency to a 
decreased overjet from the anterior segment (2.3 mm) to the posterior one (2.0 
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mm).13 These differences could be compensated by wire bending in the finishing 
stage, the production of new brackets with individualized bracket base thickness, 
or the individualization of resin thickness under the bracket base for indirect 
bonding.13
Figure 5.7 Mandibular digital arch form (blue) and maxillary digital arch form (green) using an overjet of 
2 mm in the Ortho Analyzer software.
We agree with other authors that it is wise to establish the arch form diagram 
to conform to the archwires during orthodontic treatment because of the tendency 
of the arch form to return toward the pretreatment shape after retention.17,18 The 
greater the treatment change, the greater the tendency for postretention change, 
but minimizing treatment change is no guarantee of postretention stability,18 
because growth can be responsible for postretention changes in mandibular 
arch forms that were not altered during orthodontic treatment.17 Nevertheless, 
with the continuing development of computer-assisted analysis, the approach of 
custom designed arch forms may provide the optimum solution for accurately 
describing the ideal orthodontic arch form in each patient.2 Computer programs 
for diagnostic purposes can provide accurate data to define complex arch form 
patterns easily.6,17 It is also possible to define an ideal arch form for a patient 
according to the respective virtual setup.24
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The results of this study showed that the methods used to define arch 
form on plaster and digital models were accurate with no clinically significant 
differences, with the exception of the second molar area, which was better 
represented on the digital models. With the increasing use of digital models in 
orthodontic clinical practice and their consequent advantages, the digital method 
of arch form definition can substitute for the conventional method used on plaster 
models. However, despite the favorable results, the requirement of correcting 
some software problems, such as the magnification of the arches on the printed 
report, can hamper the transition from plaster to digital models.
Several software programs can define the facial axis point of the tooth, 
perform a virtual setup, and define the bracket placement on digital models, 
but alignment of the bracket slots on the teeth instead of the facial axis points is 
required for precise arch coordination.13 The evaluation of the relationship between 
the positions of digital brackets and wires in the virtual setup could help clinicians 
to understand possible “round tripping” tooth movement in the finishing stages. 
Hence, in the future, every orthodontic clinic could be equipped with an intraoral 
scanner, a software program to perform a virtual setup to define the wire shape 
diagram and the position of the brackets, an arch form molding machine to create 
the archwires, and a 3-dimensional printer to manufacture indirect bonding trays 
to place the brackets.
5.5  CONCLUSIONS
The methods used to define arch form are subjective, but the superimpositions 
between the arch forms on plaster and digital models were considered accurate 
in this study. Moreover, the differences were not clinically significant, with the 
exception of the second molar region. The agreement of arch form definition 
on plaster models among the 3 examiners was excellent when arch shape was 
considered and good when individual arch form was considered. The digital 
method of arch form definition can substitute for the conventional method used 
on plaster models. However, despite the favorable results, the need to correct some 
software problems can hamper the transition from plaster to digital models.
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Abstract
Objective: This study compared the accuracy of plaster models from alginate 
impressions and printed models from intraoral scanning.
Materials and methods: A total of 28 volunteers were selected and alginate 
impressions and intraoral scans were used to make plaster models and digital 
models of their dentition, respectively. The digital models were printed using 
a stereolithographic (SLA) 3D printer with a horseshoe-shaped design. Two 
calibrated examiners measured distances on the plaster and printed models with a 
digital caliper. The paired t test was used to determine intraobserver error and to 
compare the measurements. Pearson correlation coefficient was used to evaluate 
the reliability of measurements for each model type.
Results: The measurements on plaster models and printed models show some 
significant differences in tooth dimensions and interarch parameters, but these 
differences were not clinically relevant, except for the transversal measurements. 
The upper and lower intermolar distances on the printed models were statistically 
significant and clinically relevant smaller.
Conclusions: Printed digital models with the SLA 3D printer studied, with a 
horseshoe-shaped base made from intraoral scans cannot replace conventional 
plaster models from alginate impressions in orthodontics for diagnosis and 
treatment planning because of their clinically relevant transversal contraction.
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6.1  INTRODUCTION
Orthodontic diagnosis, treatment planning, and evaluation of treatment changes 
are traditionally performed on plaster models made from alginate impressions. 
However, plaster models are heavy and bulky, liable to damage and it is difficult to 
share these models with other professionals involved in the dental care of patients. 
Storage of the models requires office space and retrieval takes handling time for 
assistants. Storage of all patient records after the completion of treatment for many 
years is by law compulsory.1 The use of digital models, which can be made by 
scanning plaster models or impressions can be an alternative for physical dental 
models.1-9 Intraoral scanning of the dentition is a direct method of digital dental 
model acquisition and research has been published showing that the intraoral 
scanning method is accurate and digital dental models from intraoral scans can 
replace plaster models.10-13 As 3D printers can be used to print digital dental 
models, it is now possible to obtain a physical copy of a digital dental model in 
an easy and inexpensive way.1,14-16 The ‘‘rapid prototyping’’ 3D printing technique 
was introduced in the 1980s for the manufacturing of physical models. CAD–
CAM (computer-aided design, computer-aided manufacturing) techniques have 
been used for planning of maxillofacial surgery, printing of surgical splints, and 
guides for placement of dental implants and temporary anchorage devices (TADs) 
such as miniscrews.17-22 These techniques are also used for implantology and 
prosthetic dentistry. In orthodontics, CAD–CAM procedures are used for design 
and fabrication of custom orthodontic appliances such as custom brackets and 
wires and indirect bonding trays.23 For several decades, these procedures have 
been used to make a set of aligners made on printed models which can be used 
for orthodontic treatment,24 and the digital design and fabrication of retainers for 
orthodontic patients was recently introduced.14
A physical model is sometimes still needed, as some orthodontists prefer 
physical models over digital dental models because they are required for the 
traditional method of appliance fabrication. Printed dental models in acrylic 
material have a low weight and there is a low probability of fracturing. Printed 
models are durable and have a high resistance to abrasion. There are several 
printers available that can print various 3D objects. The most commonly used 
printers are FDM (fusion deposition modeling) printers. In the process of 
printing, thin plastic lines are positioned on a template to build a plastic object. 
Powder-based printers melt nylon or a similar type of thermoplastic powder with 
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a laser beam. Stereolithographic (SLA) is another method of 3D printing. In the 
SLA technique, a photosensitive liquid resin bath, a model building platform, and 
an ultraviolet laser light is used to cure layers of resin to form a solid object such as 
a dental model.16,25 Advantages of the SLA printing process include the following: 
high part-building accuracy, a smooth surface finish, fine building details, and 
high mechanical strength. Before they can be used in dentistry, the accuracy and 
reliability of printed models should be tested. Only a few studies on the accuracy 
of printed models in orthodontics have been published.1,15,16 The sample of printed 
models used in these studies was relatively small with only one pair of models,1 six 
pairs,15 and ten pairs.16 These studies concluded that the 3D (prototyped) dental 
models are sufficiently accurate to be used in orthodontics and can replace plaster 
models.
The aim of this current study is to compare measurements made on 
printed models with the SLA printing process made after intraoral scanning of 
the dentition of volunteers to measurements on a sample of plaster models (the 
gold standard), acquired from alginate impressions of the dentition of the same 
subjects.
6.2  MATERIALS AND METHODS
Applying the formula described by Pandis26 assuming 90% power and an α of 0.05, 
plaster models of 10 randomly selected individuals were used for a power study. 
This study revealed that at least 28 plaster models and intraoral scans of patients 
were needed to reveal a 1-mm difference in measurements with a 1.16 mm standard 
deviation. A series of volunteers were recruited at the Department of Orthodontics 
of Federal Fluminense University. A total of 28 volunteers who met the inclusion 
criteria were included. Inclusion criteria were fully erupted permanent dentition 
(including all upper and lower first permanent molars). Exclusion criteria were 
marked dental anomalies in size and shape, severe gingival recessions, severe 
dental crown abrasions, attritions and erosions, or fixed orthodontic retention. At 
the time of impression taking, the volunteers were between 21 and 39 years of age 
(average age 27 years). All volunteers were informed about the study procedures 
and signed the informed consent. The local ethical committee approved this study 
(number 1.663.692) on 22 July 2016.
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Participants underwent a clinical examination and alginate impressions 
of the upper and lower arch were made with Hydrogum® (Zhermack, Badia 
Polesine, Rovigo, Italy) alginate, following the manufacturer’s guidelines. Within 
1 h, the teeth and alveolar ridges in the alginate impressions were filled with type 
IV plaster (Vigodent, Rio de Janeiro, Brazil) and the base was filled with white 
plaster (Mossoró, Rio de Janeiro, Brazil) (Fig. 6.1a). The wax bite registration of the 
occlusion was obtained with a number 7 dental wax (Clássico, São Paulo, Brazil) 
and used to trim the base of the plaster models. The volunteers underwent intraoral 
scanning of their dentition with the TRIOS Color scanner (3Shape, Copenhagen, 
Denmark), following the manufacturer’s instructions. The upper arch was scanned 
first, then the lower arch was scanned; thereafter, the volunteer was instructed 
to occlude in maximum intercuspation to enable scanning of the occlusion on 
both the right and left sides of the arches. The scanner software positioned the 
dental arches in occlusion. After completion of the scanning procedure, the 
stereolithography files (STL files) of the scan were stored in the research computer.
The STL files were exported to the Appliance Designer software (3Shape, 
Copenhagen, Denmark) to create digital models with a horseshoe-shaped base. 
The digital models were transferred by internet to the OrthoProof company 
(Nieuwegein, The Netherlands) to be printed with a 3D printer. A digital light 
processing 3D SLA printer (Ultra, Envisiontec, Gladbeck, Germany), containing a 
light curing methacrylic resin (RC31, Envisiontec, Gladbeck, Germany), was used 
to print the physical dental models with a build layer thickness of 0.10 mm (Fig. 
6.1b). The printed models in this study were post cured with a 400 W ultraviolet 
lamp for 20 s to completely cure the resin.
Figure 6.1 (A) Plaster model with a regular base, (B) printed model with a horseshoe-shaped base.
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A total of 52 predefined distances (Table 6.1) were measured on the dental 
models by two trained and calibrated examiners. Measurements on plaster and 
printed models were made with a digital caliper (Tesa SA, Renens, Switzerland). 
Before the beginning of measuring, both examiners measured all the parameters 
on five pairs of models of the randomly selected sample and measured these 
same models again after 15 days to evaluate the accuracy and reliability of the 
measurements between the examiners. After this calibration process, the examiners 
started to measure all the models.
To investigate the intraexaminer performance, after the measurements 
of all 30 pairs of models of the sample, the measurements on 10 sets of models 
(randomly selected), were repeated after 15 days by both examiners.
Table 6.1 Parameter definitions.
Parameter Abbreviation Definition
Mesiodistal diameter MDD Upper and lower mesiodistal diameter of each tooth from 1st molar 
to 1st molar (largest mesiodistal distance from the mesial contact 
point to the distal contact point parallel to the occlusal plane)
Sum of upper 6 teeth Sum upper 6 Diameter sum of 6 anterior upper teeth
Sum of upper 12 teeth Sum upper 12 Diameter sum of 12 anterior upper teeth
Sum of lower 6 teeth Sum lower 6 Diameter sum of 6 anterior lower teeth
Sum of lower 12 teeth Sum lower 12 Diameter sum of 12 anterior lower teeth
Crown Height CH Upper and lower crown height of upper and lower 1st molars, 
canines and central incisors on the right side (from incisal edge 
or cusp tip to the lower gingival margin from the vestibular axis 
of each clinical crown - Andrews)
Upper intercanine 
distance
Upper ICD Distance between the cusp tip of the upper left canine to cusp tip 
of the upper right canine
Upper intermolar 
distance
Upper IMD Distance between the tip of the mesiobuccal cusp of the upper 
left 1st molar to the tip of the mesiobuccal cusp of the upper 
right 1st molar
Lower intercanine 
distance
Lower ICD Distance between the cusp tip of the lower left mandibular 
canine to cusp tip of the lower right canine
Lower intermolar 
distance
Lower IMD Distance between the tip of the mesiobuccal cusp of the lower 
left 1st molar to the tip of the mesiobuccal cusp of the lower 
right 1st molar
Overjet Overjet Distance from the middle of the incisal edge closest to the buccal 
surface of the upper right maxillary central incisor to the buccal 
surface of the lower incisor antagonist, parallel to the occlusal plane
Overbite Overbite Vertical distance between the marking where the incisal edge of 
the upper right central incisor overlaps the buccal surface of the 
lower incisor antagonist until its respective incisal edge
Interarch right 
sagittal relationship
Right Sag Rel Distance from the cusp tip of the upper right canine to the 
meeting point between the gingival margin and the extension of 
the mesiobuccal groove of the lower right 1st molar
Interarch left sagittal 
relationship
Left Sag Rel Distance from the cusp tip of the upper left canine to the 
meeting point between the gingival margin and the extension of 
the mesiobuccal groove of the lower left 1st molar
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6.2.1  Statistical analysis
Statistical analyses were performed using the SPSS program, version 20.0 (IBM, 
Chicago, IL, USA). The paired t test was used to determine intraexaminer 
performance and to compare the measurements made on plaster models and 
printed models from each of the two examiners. The Pearson correlation 
coefficient was calculated to evaluate the examiner reliability of measurements for 
each model type. P-values < 0.05 were considered to be significant. In this study, 
the same criteria for clinically relevant differences as described in the literature 
were used.11,13,27 Differences more than 0.3 mm for the overjet, overbite, and tooth 
size (tooth diameter and tooth height) and more than 0.4 mm for transversal and 
sagittal measurements were considered to be clinically relevant.13,27 For differences 
in the sum of 6 anterior teeth in the upper or lower dental arch, a threshold of 0.75 
mm and for the sum of 12 teeth in the upper or lower arch a difference of 1.5 mm 
was used as criteria for clinical relevant differences.11
6.3  RESULTS
The intraexaminer error comparison showed an excellent accuracy of 
measurements; a few measurements with statistically significance differences and 
one parameter with a clinically relevant difference was found for each examiner 
(Table 6.2). The Pearson correlation showed an intraexaminer reliability of 0.975 
on average by both examiners. The comparison between the measurements on 
plaster models and printed models showed some statistical differences in tooth 
dimensions (diameter and crown height) and interarch parameters (overjet, 
overbite and sagittal relationship) but no clinically relevant measurements. 
According to the measurements of both examiners, the transversal distances 
between the upper and lower molars were both statistically and clinically relevant 
smaller on the printed models compared to the plaster models (Table 6.3).
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Table 6.2 Intraexaminer performance of examiners 1 and 2 according to the paired t test and the Pearson  
correlation coefficient (reliability).
Parameter
Examiner 1 Examiner 2
Plaster model Printed model (horseshoe shaped base) Plaster model
Printed model
(horseshoe shaped base)
Reliability
Mean 
difference
(mm)
S error 
(mm) P Reliability
Mean 
difference
(mm)
S error 
(mm) p Reliability
Mean 
difference
(mm)
S error 
(mm) p Reliability
Mean 
difference
(mm)
S error 
(mm) p
Sum 6 Upper 
teeth
0.976 0.123 0.479 0.438 0.975 0.011 0.579 0.953 0.982 0.655 0.394 0.001 0.996 0.392 0.240 0.001
Sum 12 
Upper teeth
0.980 0.870 0.859 0.011 0.990 -0.034 0.654 0.873 0.988 0.790 0.668 0.005 0.999 0.572 0.274 0.000
Sum 6 Lower 
teeth
0.992 -0.003 0.280 0.974 0.959 -0.121 0.634 0.561 0.983 0.493 0.462 0.008 0.982 0.299 0.447 0.063
Sum 12 
Lower Teeth
0.988 0.598 0.715 0.027 0.983 -0.316 0.846 0.268 0.993 0.847 0.594 0.001 0.992 0.506 0.620 0.030
CH 16 0.958 -0.021 0.353 0.855 0.987 0.071 0.152 0.174 0.969 0.073 0.261 0.399 0.995 -0.007 0.100 0.830
CH 14 0.962 -0.079 0.266 0.372 0.935 0.121 0.291 0.221 0.973 -0.017 0.211 0.805 0.994 0.051 0.083 0.085
CH 13 0.988 0.062 0.167 0.270 0.989 -0.012 0.147 0.802 0.977 -0.061 0.200 0.361 0.998 0.084 0.068 0.004
CH 11 0.992 0.034 0.138 0.454 0.997 0.029 0.081 0.285 0.991 -0.011 0.145 0.815 0.997 0.041 0.072 0.104
CH 21 0.867 0.171 0.449 0.259 0.993 -0.043 0.096 0.191 0.989 0.059 0.136 0.203 0.996 0.014 0.069 0.539
CH 23 0.995 0.021 0.092 0.487 0.993 0.131 0.118 0.006 0.992 0.059 0.112 0.130 0.999 0.106 0.061 0.000
CH 24 0.977 0.059 0.223 0.424 0.995 0.053 0.127 0.219 0.992 0.061 0.137 0.192 0.998 0.058 0.071 0.029
CH 26 0.983 0.184 0.217 0.025 0.975 -0.082 0.244 0.316 0.944 0.131 0.502 0.431 0.993 -0.010 0.132 0.816
CH 36 0.922 0.097 0.306 0.343 0.928 0.093 0.296 0.346 0.905 0.217 0.326 0.064 0.994 -0.017 0.081 0.525
CH 34 0.812 -0.205 0.558 0.276 0.990 0.066 0.109 0.088 0.971 0.049 0.194 0.446 0.993 0.038 0.104 0.278
CH 33 0.989 -0.042 0.192 0.508 0.994 0.042 0.142 0.375 0.997 -0.020 0.097 0.530 0.997 0.032 0.102 0.347
CH 31 0.989 0.018 0.125 0.659 0.992 -0.006 0.130 0.887 0.989 0.028 0.129 0.511 0.996 -0.038 0.077 0.153
CH 41 0.986 0.006 0.149 0.902 0.991 -0.020 0.116 0.600 0.992 0.012 0.112 0.742 0.996 0.033 0.083 0.239
CH 43 0.959 -0.100 0.248 0.234 0.964 -0.039 0.221 0.590 0.990 -0.037 0.116 0.339 0.994 0.006 0.103 0.857
CH 44 0.980 -0.014 0.181 0.812 0.962 0.055 0.227 0.463 0.852 0.380 0.475 0.032 0.992 0.008 0.100 0.805
CH 46 0.925 -0.050 0.236 0.519 0.943 -0.067 0.183 0.276 0.914 0.029 0.294 0.762 0.973 0.004 0.120 0.918
Upper ICD 0.984 -0.009 0.321 0.931 0.987 0.086 0.303 0.392 0.968 0.165 0.468 0.294 0.996 0.199 0.175 0.006
Lower ICD 0.967 0.058 0.456 0.697 0.977 0.026 0.379 0.833 0.982 -0.176 0.334 0.130 0.992 0.011 0.253 0.894
Upper IMD 0.979 0.229 0.504 0.185 0.986 -0.016 0.426 0.908 0.997 -0.064 0.206 0.352 0.998 0.044 0.166 0.423
Lower IMD 0.968 -0.185 0.599 0.355 0.978 0.107 0.544 0.550 0.987 0.164 0.465 0.294 0.998 0.081 0.225 0.285
Overjet 0.962 0.317 0.189 0.000 0.873 -0.141 0.316 0.192 0.970 0.074 0.185 0.237 0.987 0.020 0.111 0.583
Overbite 0.981 0.117 0.204 0.104 0.974 0.012 0.230 0.873 0.977 0.074 0.240 0.356 0.994 -0.009 0.118 0.815
Right Sag 
Rel
0.960 0.173 0.430 0.235 0.957 0.249 0.376 0.066 0.957 0.019 0.392 0.882 0.985 -0.019 0.202 0.773
Left Sag Rel 0.939 0.325 0.526 0.083 0.952 0.368 0.502 0.046 0.970 -0.233 0.376 0.082 0.995 -0.049 0.165 0.371
S error, Standard error. Significant at P < 0.05. Abbreviations/parameters this table are defined in Table 6.1.
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Table 6.2 Intraexaminer performance of examiners 1 and 2 according to the paired t test and the Pearson  
correlation coefficient (reliability).
Parameter
Examiner 1 Examiner 2
Plaster model Printed model (horseshoe shaped base) Plaster model
Printed model
(horseshoe shaped base)
Reliability
Mean 
difference
(mm)
S error 
(mm) P Reliability
Mean 
difference
(mm)
S error 
(mm) p Reliability
Mean 
difference
(mm)
S error 
(mm) p Reliability
Mean 
difference
(mm)
S error 
(mm) p
Sum 6 Upper 
teeth
0.976 0.123 0.479 0.438 0.975 0.011 0.579 0.953 0.982 0.655 0.394 0.001 0.996 0.392 0.240 0.001
Sum 12 
Upper teeth
0.980 0.870 0.859 0.011 0.990 -0.034 0.654 0.873 0.988 0.790 0.668 0.005 0.999 0.572 0.274 0.000
Sum 6 Lower 
teeth
0.992 -0.003 0.280 0.974 0.959 -0.121 0.634 0.561 0.983 0.493 0.462 0.008 0.982 0.299 0.447 0.063
Sum 12 
Lower Teeth
0.988 0.598 0.715 0.027 0.983 -0.316 0.846 0.268 0.993 0.847 0.594 0.001 0.992 0.506 0.620 0.030
CH 16 0.958 -0.021 0.353 0.855 0.987 0.071 0.152 0.174 0.969 0.073 0.261 0.399 0.995 -0.007 0.100 0.830
CH 14 0.962 -0.079 0.266 0.372 0.935 0.121 0.291 0.221 0.973 -0.017 0.211 0.805 0.994 0.051 0.083 0.085
CH 13 0.988 0.062 0.167 0.270 0.989 -0.012 0.147 0.802 0.977 -0.061 0.200 0.361 0.998 0.084 0.068 0.004
CH 11 0.992 0.034 0.138 0.454 0.997 0.029 0.081 0.285 0.991 -0.011 0.145 0.815 0.997 0.041 0.072 0.104
CH 21 0.867 0.171 0.449 0.259 0.993 -0.043 0.096 0.191 0.989 0.059 0.136 0.203 0.996 0.014 0.069 0.539
CH 23 0.995 0.021 0.092 0.487 0.993 0.131 0.118 0.006 0.992 0.059 0.112 0.130 0.999 0.106 0.061 0.000
CH 24 0.977 0.059 0.223 0.424 0.995 0.053 0.127 0.219 0.992 0.061 0.137 0.192 0.998 0.058 0.071 0.029
CH 26 0.983 0.184 0.217 0.025 0.975 -0.082 0.244 0.316 0.944 0.131 0.502 0.431 0.993 -0.010 0.132 0.816
CH 36 0.922 0.097 0.306 0.343 0.928 0.093 0.296 0.346 0.905 0.217 0.326 0.064 0.994 -0.017 0.081 0.525
CH 34 0.812 -0.205 0.558 0.276 0.990 0.066 0.109 0.088 0.971 0.049 0.194 0.446 0.993 0.038 0.104 0.278
CH 33 0.989 -0.042 0.192 0.508 0.994 0.042 0.142 0.375 0.997 -0.020 0.097 0.530 0.997 0.032 0.102 0.347
CH 31 0.989 0.018 0.125 0.659 0.992 -0.006 0.130 0.887 0.989 0.028 0.129 0.511 0.996 -0.038 0.077 0.153
CH 41 0.986 0.006 0.149 0.902 0.991 -0.020 0.116 0.600 0.992 0.012 0.112 0.742 0.996 0.033 0.083 0.239
CH 43 0.959 -0.100 0.248 0.234 0.964 -0.039 0.221 0.590 0.990 -0.037 0.116 0.339 0.994 0.006 0.103 0.857
CH 44 0.980 -0.014 0.181 0.812 0.962 0.055 0.227 0.463 0.852 0.380 0.475 0.032 0.992 0.008 0.100 0.805
CH 46 0.925 -0.050 0.236 0.519 0.943 -0.067 0.183 0.276 0.914 0.029 0.294 0.762 0.973 0.004 0.120 0.918
Upper ICD 0.984 -0.009 0.321 0.931 0.987 0.086 0.303 0.392 0.968 0.165 0.468 0.294 0.996 0.199 0.175 0.006
Lower ICD 0.967 0.058 0.456 0.697 0.977 0.026 0.379 0.833 0.982 -0.176 0.334 0.130 0.992 0.011 0.253 0.894
Upper IMD 0.979 0.229 0.504 0.185 0.986 -0.016 0.426 0.908 0.997 -0.064 0.206 0.352 0.998 0.044 0.166 0.423
Lower IMD 0.968 -0.185 0.599 0.355 0.978 0.107 0.544 0.550 0.987 0.164 0.465 0.294 0.998 0.081 0.225 0.285
Overjet 0.962 0.317 0.189 0.000 0.873 -0.141 0.316 0.192 0.970 0.074 0.185 0.237 0.987 0.020 0.111 0.583
Overbite 0.981 0.117 0.204 0.104 0.974 0.012 0.230 0.873 0.977 0.074 0.240 0.356 0.994 -0.009 0.118 0.815
Right Sag 
Rel
0.960 0.173 0.430 0.235 0.957 0.249 0.376 0.066 0.957 0.019 0.392 0.882 0.985 -0.019 0.202 0.773
Left Sag Rel 0.939 0.325 0.526 0.083 0.952 0.368 0.502 0.046 0.970 -0.233 0.376 0.082 0.995 -0.049 0.165 0.371
S error, Standard error. Significant at P < 0.05. Abbreviations/parameters this table are defined in Table 6.1.
Leonardo_Camardella.indd   133 13-02-19   13:24
Chapter 6
134
Table 6.3. Comparison between plaster model and printed models with horseshoe-shaped base according 
to the paired t test and the Pearson correlation coefficient (reliability).
Parameter
Examiner 1 Examiner 2
Reliability
Mean 
difference
(mm)
S error 
(mm) p Reliability
Mean 
difference
(mm)
S error 
(mm) p
Sum 6 Upper 
teeth
0.926 -0.201 0.959 0.276 0.928 -0.035 0.939 0.844
Sum 12 
Upper teeth
0.964 -0.640 1.284 0.014 0.961 -0.042 1.321 0.868
Sum 6 Lower 
teeth
0.957 -0.336 0.568 0.004 0.939 -0.138 0.685 0.296
Sum 12 
Lower Teeth
0.979 -0.933 0.849 0.000 0.965 -0.037 1.046 0.854
CH 16 0.926 -0.160 0.335 0.018 0.895 -0.056 0.397 0.461
CH 14 0.965 -0.160 0.242 0.002 0.936 -0.121 0.323 0.057
CH 13 0.946 -0.031 0.285 0.564 0.952 -0.128 0.263 0.016
CH 11 0.932 -0.218 0.348 0.003 0.935 -0.104 0.334 0.111
CH 21 0.929 -0.109 0.370 0.131 0.923 0.001 0.384 0.984
CH 23 0.937 -0.200 0.324 0.003 0.928 -0.123 0.333 0.061
CH 24 0.969 -0.105 0.256 0.038 0.964 -0.008 0.275 0.887
CH 26 0.950 -0.005 0.284 0.932 0.977 0.049 0.200 0.206
CH 36 0.893 -0.036 0.337 0.580 0.823 0.039 0.466 0.659
CH 34 0.917 -0.173 0.371 0.020 0.964 -0.060 0.254 0.222
CH 33 0.976 -0.065 0.272 0.219 0.983 0.034 0.232 0.451
CH 31 0.953 -0.129 0.261 0.014 0.950 -0.023 0.276 0.670
CH 41 0.946 -0.020 0.251 0.676 0.940 0.028 0.262 0.583
CH 43 0.954 -0.068 0.326 0.278 0.948 0.006 0.351 0.932
CH 44 0.959 -0.153 0.268 0.005 0.967 0.029 0.238 0.525
CH 46 0.928 -0.114 0.295 0.051 0.885 -0.076 0.366 0.282
Upper ICD 0.975 0.322 0.415 0.000 0.848 0.092 1.308 0.713
Lower ICD 0.961 0.320 0.454 0.001 0.887 0.023 0.841 0.888
Upper IMD 0.992 0.683 0.407 0.000 0.989 0.834 0.489 0.000
Lower IMD 0.962 0.681 0.701 0.000 0.930 0.579 1.050 0.007
Overjet 0.901 -0.031 0.401 0.682 0.873 0.025 0.441 0.766
Overbite 0.905 -0.224 0.363 0.003 0.906 -0.240 0.371 0.002
Right Sag 
Rel
0.943 0.185 0.577 0.101 0.907 -0.066 0.810 0.671
Left Sag Rel 0.969 0.083 0.440 0.328 0.943 0.111 0.537 0.285
S error, Standard error. Significant at p < 0.05. Abbreviations of the parameters in this table are defined in 
Table 6.1.
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6.4  DISCUSSION
Several studies concluded that digital models are accurate and can be used to 
replace plaster models. Different methods of acquisition of digital models such 
as plaster model scanning, alginate and polyvinylsiloxane (PVS) impression 
scanning and intraoral scanning were tested.4-13,28-34 A direct technique such as the 
intraoral scanning method can reduce some impression inaccuracy caused during 
the traditional procedure of impression taking and plaster model manufacturing, 
such as air bubbles, rupture of impression material, inaccurate impression tray 
dimensions, too much or too little impression material, inappropriate adhesion of 
the impression to the impression tray, disinfection of the impression and distortion 
of the impression material during storage.34 An advantage of the intraoral scanning 
procedure is the direct registration of the occlusion as an indirect occlusion 
registration method with a wax bite or PVS material is not required.
Digital models can be stored on computers in the dental or orthodontic 
office and a copy of the models can be kept ‘‘in the cloud’’. Printed models can 
serve as a ‘‘hard copy’’ of the scanned data. This study compared the accuracy 
of plaster models from alginate impressions with printed models from intraoral 
scanning of the dentition using the SLA printing method. Other studies that 
evaluated the accuracy of printed models with the SLA technique reported that 
the printed models were accurate and reliable, but the sample used in these studies 
was relatively small and all the printed models presented a regular base (American 
Board of Orthodontics base).1,15,16 In the current study, measurements on 28 plaster 
and printed models were compared. The printed models had a horseshoe-shaped 
base because they were prepared for aligner fabrication. Hazeveld et al.15 evaluated 
the accuracy of three rapid prototyping techniques: digital light processing (liquid 
based; Envisiontec, Gladbeck, Germany), jetted photopolymer (liquid based; 
Objet Geometries, Rehovot, Israel), and 3D printing (powder based; Z-Corp, Rock 
Hill, SC, USA). Their results showed that differences between the measurements 
on plaster models and printed models with these three techniques were small and 
clinically insignificant (less than 0.25 mm). Kasparova et al.16 investigated the 
accuracy of linear measurements between 10 pairs of plaster models, 10 pairs of 
printed models with the low cost RepRap 3D printer (The Czech Republic) which 
uses FDM technique, and 1 pair of printed models with the ProJet HD3000 3D 
printer (3D Systems, USA) that uses Multi-Jet Modeling technology. No significant 
differences were found between the tested models. Keating et al.1 reported that 
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translucency of printed models makes landmark identification on printed models 
for measurement difficult because of loss of surface detail, particularly at the 
cervical margin region. As the models used in our study were printed with a 
colored material, we did not have this measurement indication problem. The same 
measurement technique was used to measure both plaster and printed models, a 
digital caliper, which was validated as a reliable method for other studies.1,15,16 The 
results of this study showed no clinically relevant differences in the measurements 
of teeth dimensions (mesiodistal diameter and crown height) between the plaster 
and printed models. In addition, the interarch relationship (overjet, overbite, and 
sagittal relationship) did not reveal any clinically relevant difference between 
printed and plaster models, but the transversal dimensions, especially the upper 
and lower intermolar distances, presented a clinically relevant reduction in printed 
models measured by both examiners.
The SLA printing technique is not capable of curing the printing material 
completely during the printing time. The explanation of these clinically relevant 
differences in transversal distances may be caused by the post cure process which 
is needed for printed models with the SLA technique. It has been published 
that model shrinkage during building and post curing as well as the residual 
polymerization and transformation of photocured materials can cause differences 
in the accuracy of printed objects.1,15,35
Some orthodontic labs use printed models without a regular base to reduce 
printing time and to save resin material. The horseshoe-shaped base as used in this 
study facilitates aligners manufacturing with plastic sheets and pressure molding 
machines. The use of models with a horseshoe-shaped base printed with the SLA 
printer used in this study and post cured with UV laser light can result in not 
only inaccurate analysis and treatment planning, but also inaccurate appliances 
made on these printed models due to their transversal contraction in the posterior 
region. Further studies are needed to evaluate the effect of a different model base 
design or a different printing technique on the accuracy of printed models.
Limitations of the intraoral scanning method and rapid prototyping 
technology currently include the high cost of the devices, the printing material, 
and relatively complicated software for CAD–CAM procedures. The printing 
material for dental models has a bad odor, is toxic, and must be shielded from light 
to avoid premature polymerization.36 Digital appliance design and subsequently 
printing or milling of an orthodontic appliance without the need for physically 
printed models has been introduced. A further increase in efficiency and accuracy 
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of intraoral scanning methods and a decrease of the costs of printing of dental 
models and dental appliances can be expected.
6.5  CONCLUSIONS
Although most dental dimensions of the plaster and printed models measured 
with a digital caliper were clinically not significantly different, the printed models 
with the SLA technique using a horseshoe-shaped base from intraoral scanning 
of the dentition cannot replace conventional plaster models made from alginate 
impressions in orthodontics due to their clinically relevant reduced transversal 
dimensions in the posterior region. More studies are needed to evaluate the 
accuracy of the process of intraoral scanning and digital model printing in 
orthodontics.
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Abstract
Introduction: The aim of this study was to compare the accuracy of printed models 
from intraoral scans with different designs of model bases, using 2 types of 
3-dimensional printing techniques. 
Methods: Three types of model base design were created: regular base, horseshoe-
shaped base, and horseshoe-shaped base with a bar connecting the posterior 
region. The digital models were printed with the 3-dimensional printers using 
different techniques: stereolithography and triple jetting technology (Polyjet). The 
printed models were then scanned with a computed tomography scanner and a 
desktop laser scanner to create the respective digital models. Evaluation of the 
accuracy was done by measuring the dentitions with Ortho Analyzer software 
(3Shape, Copenhagen, Denmark) and by model superimposition with Geomagic 
Qualify software (3D Systems, Rock Hill, SC). An observer measured the 
distances twice, with an interval of 2 weeks. The accuracy of the printed models 
was statistically evaluated by the mixed-effects regression model approach.
Results: The results showed that printed models made by the Polyjet printer were 
accurate, regardless of the design of the model base. Printed models made with 
the stereolithography technique with the regular model base and the horseshoe-
shaped base with a bar were accurate, but the transversal distances measured on 
the printed models with a horseshoe-shaped base were statistically significantly 
smaller. 
Conclusions: Printed models with a regular base or a horseshoe-shaped base with 
a bar were accurate regardless of the printing technique used. Printed models 
with a horseshoe-shaped base made with the stereolithography printer had a 
statistically significant reduction in the transversal dimension that was not found 
in the models printed with the Polyjet technique.
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7.1  INTRODUCTION
Rapid prototyping was introduced in the 1980s for orthodontics as a new technique 
for manufacturing physical dental models based on CAD/CAM procedures. Now, 
several 3-dimensional (3D) printers are available that can print various 3D objects, 
using different techniques and materials. The most commonly used techniques for 
dental 3D printers are stereolithography (SLA), triple jetting technology (Polyjet), 
and fusion deposition modeling printing. SLA printing is a type of printing 
where an ultraviolet laser cures resin in a desired shape.1 During this process, 
the printing plate moves down in small increments, and the liquid polymer is 
exposed to an ultraviolet laser that cures a cross section layer by layer. This process 
is repeated until a printed model (such as a dental model) has been made. The 
Polyjet 3D printing process is similar to inkjet printing, but instead of jetting drops 
of ink onto paper, the printer jets layers of curable liquid photopolymer onto a 
building platform. The building platform then steps down 1 layer thickness, and 
more material is deposited directly on the previous layer. This process is repeated 
until the shape has been printed completely. Another printing technique is the 
fusion deposition modeling, which builds printing material layer by layer from the 
bottom upward by heating from a continuously extruding thermoplastic filament. 
Because this method results in poor-quality prints with a distinguishable layered 
surface, this technique is less used in dentistry.1 According to a study, Polyjet 
printing showed more adequate details with a more uniformly smooth surface 
than the models made with the fusion deposition modeling method.2
There are only a few studies published on the accuracy of printed models 
compared with plaster models.1,3-5 These studies concluded that the printed 
models can be used as a replacement for plaster models, but it is unclear whether 
the samples used in these studies (only 1 pair,4 4 pairs,3 6 pairs,5 and 10 pairs1 of 
models) were sufficient to draw definitive conclusions.
Different model base designs are used in orthodontics, such as the regular 
base, according to the requirements of the American Board of Orthodontists 
(ABO) and the horseshoe-shaped base, which is used to improve the vacuum-
formed method of aligner fabrication.6 The printed models for aligner fabrication 
should also be manufactured with a high temperature-resistant material that 
allows the production of a clear aligner without distortion during vacuum forming 
under heat. An accurate printed model is fundamental for orthodontic appliance 
fabrication. Inaccurate models will result in inaccurate orthodontic appliances 
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and can cause unplanned tooth movements, such as undesirable expansion or 
contraction of the arches during aligner treatment.
The influence of model base design on the accuracy of printed models has 
not been tested yet. There are doubts about whether a horseshoe-shaped base can 
be as accurate as a regular base in the printed models, but no information on 
this topic is available in the literature. The aim of this study was to compare the 
accuracy of printed models with different model base designs made with 2 types 
of 3D printing techniques: SLA and Polyjet methods.
7.2  MATERIALS AND METHODS
A power study, applying the formula described by Pandis7 assuming 80% power 
and an α of 0.05, showed that 10 pairs of printed dental models for each group 
were needed to show statistical differences of 1.25 mm in measurements with 
a 1.0-mm standard deviation. A sample of 10 volunteers who met the criteria 
for inclusion (fully erupted and complete permanent dentitions including all 
maxillary and mandibular permanent second molars) and without the exclusion 
criteria (marked dental anomalies in size and shape; severe gingival recessions; 
severe dental crown abrasions, attritions, and erosions; or fixed orthodontic 
retention) was randomly selected from a larger sample of scanned patients. The 
volunteers were informed about the study procedures and signed an informed 
consent form before participation. The ethical committee of Federal Fluminense 
University approved this study in 2016.
The dentitions of the volunteers were scanned with a TRIOS color intraoral 
scanner (3ShapeTM, Copenhagen, Denmark) according to the manufacturer’s 
instructions. The maxillary arch was scanned first and then the mandibular 
arch, and finally the occlusion was scanned. After the scanning procedure, the 
stereolithographic files were stored in a computer. The 10 pairs of digital models 
were exported to Appliance Designer Software (3Shape) to design 3 types of bases 
for each pair of models: a regular base according to the ABO requirements, a 
horseshoe-shaped base, and a horseshoe-shaped base with a bar in the second 
molar area connecting the posterior regions of the arches (Fig 7.1). This latter 
design (a mix of the other 2 designs of model bases) was intended to evaluate 
whether a bar connecting the molars in the posterior regions of the model could 
influence the accuracy of the printed models. A total of 30 sets of digital models 
were available for printing.
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Figure 7.1 Design of bases of the digital models: (A) Regular (ABO) base, (B) Horseshoe-shaped base, (C) 
Horseshoe-shaped base with a bar.
The digital models were sent to 2 dental laboratories that used different 
printing and model scanning techniques. The 30 digital models were printed with 
a digital light-processing 3D printer (Ultra 3SP Ortho; Envisiontec, Gladbeck, 
Germany) containing a light-curing methacrylic resin (E-Denstone; Envisiontec) 
and using a build layer thickness of 0.10 mm. This 3D printer uses the SLA 
technique with the technology called scan, spin, and selectively photocure. All 
digital models were also printed with a Polyjet technique 3D printer (Objet 
Eden260VS; Stratasys, Eden Prairie, Minn) with a 0.016-mm layer thickness. For 
the Polyjet printing, a photopolymer resin (Full Cure 720; Stratasys) was used. The 
printed models were then scanned by the same company that made the printed 
models. The models printed with the Envisiontec 3D printer (SLA models) were 
scanned by the company with a Flash computed tomography scanner (FCT-1600; 
Hytec, Los Alamos, NM). The printed models made with the Stratasys 3D printer 
(Polyjet models) were scanned with the R700 laser scanner (3ShapeTM). The printed 
models with the regular base (printed with both techniques) were considered the 
gold standard for the 2 comparisons methods, superimpositioning and measuring, 
because only this base design was studied in the literature.1,3-5 Furthermore, the 
superimposition between the original digital models from intraoral scanning and 
the scanned printed models with a regular base showed that these printed models 
with an ABO base were similar and accurate, with average differences of 0.01 mm 
in both the SLA and Polyjet models.
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The digital models from the scanned printed models were exported to 
Geomagic Qualify software (3D Systems, Rock Hill, SC) to perform a model 
superimposition and exported to Ortho Analyzer software (3Shape) for measuring 
distances. Figure 7.2 illustrates the design of the study.
In the Geomagic software, the bases of the digital models were cut apical 
to the gingival margin to prevent distortions of the superimposition caused by the 
base. The models were then superimposed on the dentition using the automatic 
best-fit surface alignment tool of the software. After superimposition, the model 
edges were trimmed with cutting planes to create common borders. Color 
displacement maps were generated to confirm accurate crown superimpositions 
and to measure the differences between the models. The superimposition data 
were obtained by calculation of the distance of captured points between each 
superimposed digital model. Geomagic Qualify software shows the means and 
maximum distances between the models (both positive and negative) and the 
standard deviations, measured in the color map analysis. The limits used in the 
color map were 0.50 mm (Fig 7.3).
Five distances on the maxillary and mandibular dentitions were measured 
with the Ortho Analyzer software: between the canines, first premolars, second 
premolars, first molars, and second molars (Fig 7.4). All measurements were 
performed twice by a trained and calibrated examiner (L.T.C.), with an interval 
of 2 weeks.
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Figure 7.2 Schematic figure, illustrating the design of this study.
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Figure 7.3 Color displacement maps of model superimpositions of scanned printed models made with the 
SLA printing techniques: (A) Regular base vs horseshoe-shaped base, (B) Regular base vs horseshoe-shaped 
base with a bar. Color displacement maps of model superimpositions of scanned printed models made with 
the Polyjet printing techniques: (C) Regular base vs horseshoe-shaped base, (D) Regular base vs horseshoe-
shaped base with a bar.
Figure 7.4 Measurements used for maxillary and mandibular models. Intercanine distance: distance 
between the cusp tip of the left canine and the cusp tip of the right canine; interfirst and intersecond 
premolar distances: distances between the buccal cusp tips of the left premolar and the buccal cusp tips of 
the right premolars; interfirst and intersecond molar distances: distances between the mesial buccal cusp 
tips of the left molar and the mesial buccal cusp tips of the right molars.
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7.2.1  Statistical analysis
The statistical analysis was performed with the R software (version 3.3.1; R Core 
Team, Vienna, Austria). The accuracy of the models printed with the SLA and the 
Polyjet techniques was demonstrated by verifying the lack of both systematic (no 
bias) and random errors (high precision) between the measurements made on the 
models with different bases. The lack of systematic differences (bias) between the 
measurements made on the models with different bases were evaluated according 
to the similarity between the average intraclass correlation coefficient (ICC) 
and Cronbach’s alpha, through the mixed-effects regression model framework.8 
Cronbach’s alpha is insensitive to rater differences that are linear changes. It 
can be compared with the average ICC to detect consistent rater bias. A greater 
difference between the 2 coefficients indicates a greater rater bias. The average 
ICC is the reliability calculated by taking an average of the raters’ measurements. 
The average ICC means reproducibility if the test was repeated several times and 
the mean value was calculated. The lack of random errors (high precision) was 
evaluated through the single ICC. The single ICC is the reliability calculated from 
1 measurement and means reproducibility if the test is performed at one of several 
occasions, respectively. ICC values above 0.75 usually show high reliability. The 
same approach was used to measure the intraexaminer performance.
The lack of systematic differences was also evaluated by comparing the 
models with a horseshoe-shaped base and with a horseshoe-shaped base with 
a bar, with the models with a regular base, considering the base component as 
a fixed effect by the mixed-effects regression model approach.8 The mixed-
effects regression model approach was also used to estimate the variance of each 
measurement variation component and to compare the accuracy of the techniques 
through the bases’ variances.
The paired t test was used to evaluate the differences between the 
superimposition on the scanned printed models with the 2 printing techniques. 
P-values less than 0.05 were considered to be significant.
7.3  RESULTS
Table 7.1 is a summary of the descriptive statistics of the linear measurements. In 
the SLA printed models, similar values are shown between the models with the 
regular base and the horseshoe-shaped base with a bar. On the other hand, the 
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models with a horseshoe-shaped base had smaller values compared with the other 
2 types of model base. In the Polyjet printed models, we found small differences in 
the transversal measurements among the 3 types of model base.
Table 7.2 shows the interbase and the intraexaminer performance evaluation 
according to the ICC. The mixed-effect models were adjusted for each arch (maxilla 
and mandible) and for each distance (from intercanine to intersecond molar 
distances). For both printing techniques, there were no systematic differences 
(no bias) because the values of the average ICC and Cronbach’s alpha were very 
close, and the lack of random errors (high precision) was confirmed since all ICC 
values were above the acceptable minimum of 0.75. Although both techniques 
showed satisfactory results, the Polyjet printing technique had better results. The 
intraexaminer performance evaluation had high reliability and no systematic 
errors (no bias), since the minimum ICC value was 0.984.
Table 7.3 shows the variability of measurement variation components 
according to the mixed-effects regression model. The mixed effect model follows 
a similar structure to that presented in Table 7.2, however, with the variables base 
and printing technique as fixed effects and the variables individuals, distance, and 
arch as random effects. In both arches, in most of the distance types, the Polyjet 
printing technique showed less variability according to the model bases. For the 
maxillary arch, the variabilities were 0.06, 0.18, 0.26, 0.23, and 0.50 for the SLA 
technique and 0.00, 0.00, 0.00, 0.00, and 0.01 for the Polyjet technique, considering, 
respectively, the intercanine, interfirst premolar, intersecond premolar, interfirst 
molar, and intersecond molar distances. For the mandibular arch, the variabilities 
considering the different model bases were 0.00, 0.02, 0.05, 0.14, and 0.33 for 
the SLA technique and 0.02, 0.00, 0.01, 0.01, and 0.00 for the Polyjet technique, 
considering the same distance types. In general, in the maxillary arch, the SLA 
technique had a variability of 0.21, whereas the Polyjet technique had a variability 
of 0.00. In the mandibular arch, SLA showed a variability of 0.06, and the Polyjet 
technique had a variability of 0.00. Therefore, regarding the different types of 
model base, the measurement differences in the SLA models were progressively 
increasing from the anterior to the posterior regions of the arches. The Polyjet 
models had greater accuracy of the parameters between the different types of 
model base.
Table 7.4 gives the mixed-effects regression model analysis considering 
the base as a fixed effect. In the SLA printer, there was a systematic error on the 
printed models with the horseshoe-shaped base compared with the models with a 
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regular base (P = 0.000). So, considering the same moment, the same individual, 
the same arch, and the same type of distance, the horseshoe-shaped base had a 
distance -0.702 mm (95% confidence interval, -1.00, -0.41 mm) smaller compared 
with the distance of the regular base. In addition, there was no systematic error of 
the models with the horseshoe-shaped base with a bar compared with the regular 
base ones (P = 0.183). With the Polyjet printer, there were no systematic errors 
in the models with a horseshoe-shaped base (P = 0.684) and the models with the 
horseshoe-shaped base with a bar (P = 0.638) compared with the regular base 
models.
Table 7.5 shows the paired t test evaluation of the model superimpositions 
between the different designs of model bases with the SLA and Polyjet printing 
techniques. It was found that, in the SLA printing technique, some parameters had 
statistically significant differences, whereas in the Polyjet technique, there were no 
statistically significant differences among the parameters.
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Table 7.2 Interbase and intraexaminer performance evaluation according to the ICC.
Type Arch Distance
SLA Polyjet
Single¹ Average² Alpha³ Single¹ Average² Alpha³
Inter-
Base
Maxillary
Intercanine 0.979 0.993 0.996 0.973 0.991 0.990
Inter 1st premolar 0.963 0.987 0.997 0.982 0.994 0.994
Inter 2nd premolar 0.951 0.983 0.995 0.992 0.997 0.997
Inter 1st molar 0.973 0.990 0.996 0.995 0.998 0.998
Inter 2nd molar 0.969 0.989 0.999 0.996 0.998 0.998
Mandibular
Intercanine 0.988 0.996 0.996 0.961 0.986 0.987
Inter 1st premolar 0.964 0.988 0.989 0.966 0.988 0.988
Inter 2nd premolar 0.978 0.992 0.995 0.980 0.993 0.994
Inter 1st molar 0.963 0.987 0.994 0.988 0.996 0.996
Inter 2nd molar 0.899 0.964 0.978 0.993 0.997 0.997
General 0.996 0.998 0.999 0.999 0.999 0.999
Intra-
Examiner
Maxillary
Intercanine 0.995 0.997 0.997 0.984 0.992 0.992
Inter 1st premolar 0.995 0.997 0.998 0.995 0.997 0.997
Inter 2nd premolar 0.993 0.996 0.997 0.995 0.997 0.997
Inter 1st molar 0.995 0.997 0.997 0.995 0.997 0.997
Inter 2nd molar 0.998 0.999 0.999 0.997 0.998 0.998
Mandibular
Intercanine 0.996 0.998 0.998 0.988 0.994 0.994
Inter 1st premolar 0.984 0.992 0.992 0.986 0.993 0.994
Inter 2nd premolar 0.997 0.998 0.998 0.990 0.995 0.995
Inter 1st molar 0.995 0.997 0.997 0.993 0.996 0.997
Inter 2nd molar 0.997 0.998 0.998 0.994 0.997 0.997
General 0.999 0.999 0.999 0.999 0.999 0.999
¹ICC single; ²ICC average; ³Cronbach’s alpha..
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Table 7.4 Evaluation of the mixed-effects regression model analysis with base as a fixed effect.
Printing technique Model base β¹ S.E.(β)² 95% CI P-value
SLA
Base = Regular
Base = Horseshoe -0.702 0.149 [-1.00; -0.41] 0.000
Base = Horseshoe with bar -0.199 0.149 [-0.49; 0.09] 0.183
Polyjet
Base = Regular
Base = Horseshoe 0.061 0.149 [-0.23; 0.35] 0.684
Base = Horseshoe with bar 0.070 0.149 [-0.22; 0.36] 0.638
¹Regression’s coefficient; ²Standard error; Significant a P < 0.05.
7.4  DISCUSSION
In this study, printed models from digital models made with an intraoral scanner 
were used because intraoral scanning is increasingly used to make digital dental 
models, and some of the errors that can occur in the traditional impression-taking 
procedure can be avoided. Several studies confirmed the accuracy of digital models 
from intraoral scanning compared with plaster models, so the intraoral scans can 
be used as an alternative for plaster models.9-13
Although digital models have several advantages compared with plaster 
models, such as ease of data storage and data transmission, some orthodontists 
like to use physical dental models.14 Printed models provide both visual and tactile 
information and can be used for diagnostic, therapeutic, and education purposes. 
Physical models are also used for appliance manufacturing such as functional 
removable appliances, rapid expansion appliances, aligners, and indirect bonding 
trays.5,15
Several software programs are available for patient analysis and diagnostics 
on digital models. For treatment planning, segmentation of the dental crowns is 
required to create a virtual setup.16-18 A virtual setup can then be used to simulate 
orthodontic treatment to manufacture customized orthodontic appliances. The 
use of rapid prototyping in dentistry is growing and usually consists of 2 phases. 
The orthodontic appliances are designed with computer software (CAD) and then 
a computer-aided manufacturing (CAM) phase fabricates the appliances. Three 
dimensional objects such as dental models and dental appliances can be produced 
with a rapid prototyping process using different printing materials, such as wax, 
plastics, ceramics, and metals. The fabrication of complex objects with these 
printing techniques can be fast, efficient, and relatively inexpensive.
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Advantages of the SLA printing process include high part-building accuracy, 
smooth surface finish, fine building details, and high mechanical strength. The 
disadvantage of the SLA process mentioned in the literature is the necessity to 
post cure the printed parts to improve the stability of the printed object, since 
the laser of the printing device cannot cure the printing material completely. It 
has been published that laser diameter, laser path, and finishing such as residual 
polymerization and transformation of photo-cured materials, and creation and 
removal of supporting structures (to avoid unsupported or weakly supported 
structures), can cause differences in the accuracy of printed objects.19 Shrinkage 
of the printed object during building and post curing of the printed models, as 
well as thickness of the layers have also been mentioned.5 In our study, the printed 
models made with the SLA 3D printer were post cured with a 400-W ultraviolet 
lamp for 20 seconds. It can be speculated that this post curing process could 
have caused compression of the models without a solid base or a connection bar 
between the posterior regions. Dental models printed with the Polyjet printing 
technique are fully cured during the building process, and post curing is not 
needed. A disadvantage of the use of a Polyjet printer for dental model printing is 
the higher cost of printing, compared with the SLA printer. 
In the SLA printing technique, the models with a horseshoe-shaped base had 
a statistically significant reduction in the transversal dimensions, compared with 
the printed models with the regular base. On the other hand, the printed models 
with the regular or horseshoe-shaped base with a bar did not have statistically 
significant differences among the parameters studied. The Polyjet printed models 
had no parameter with statistically significant differences between the different 
designs of the model base.
The color map analysis of the superimposition of the SLA printed models 
between the regular and horseshoe-shaped bases had an intense blue color on 
the buccal area of the superimposed models; this showed that the models with 
a horseshoe-shaped base (test) were smaller than the models with a regular base 
(reference). The other model superimpositions, including the Polyjet model 
superimpositions and the SLA model superimpositions between the horseshoe-
shaped models with a bar and the regular base models, demonstrated a prevalence 
of green color, which indicates insignificant differences (Fig 7.3). Furthermore, 
according to the paired t test, the model superimpositions of the SLA scanned 
printed models had statistically significant differences in some parameters; 
in contrast, no statistically significant difference was found in the model 
superimposition of the Polyjet models.
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These results correspond to other studies that evaluated printed dental 
models using the SLA technique with a regular base.1,4,5 Scanned printed models 
with regular bases were accurate and similar to the digital models from intraoral 
scanning. Both the digital measuring and the digital model superimposition 
methods led to the same conclusions. The main difference we found was a reduction 
in the transversal dimensions on the printed models with a horseshoe-shaped 
base from the SLA printing technique, and the inclusion of a bar connecting the 
posterior regions can prevent this contraction. The models printed with the Polyjet 
technique were accurate, regardless of the design of model base.
The difference in layer thicknesses has been mentioned as a cause of 
contraction of the printed models.5 The SLA models had greater layer thickness 
compared with the Polyjet models, but since the difference in layer thickness in 
the printed models in this study did not affect the accuracy of the printed models 
with a regular base or with a horseshoe-shaped base with a connection bar, the 
transversal contraction in the printed models with a horseshoe-shaped base 
printed with the SLA printer could be caused by the absence of a regular base or 
a connecting bar with solid resin in the posterior regions of these models. The 
larger reduced dimensions on the posterior region (intersecond molar distance) of 
the scanned SLA printed models with a horseshoe-shaped base suggested that the 
post curing period could affect the accuracy of these models without a posterior 
connection bar or a regular base.
In general, some advantages of printed dental models such as low weight, low 
risk of fracture, and high abrasion resistance have been mentioned.1 Disadvantages 
of the rapid prototyping technique (3D printing) to fabricate dental models include 
high costs of the 3D printer and the printing material, complicated machinery, 
and expertise needed to operate the printer. Furthermore, the materials used for 
printing stink, are toxic, and must be shielded from light to prevent premature 
polymerization.2 It can be expected that the costs of printing dental models 
will decrease, and the costs will possibly become comparable with conventional 
fabrication of plaster models. Increased use of CAD/CAM techniques for making 
customized orthodontic appliances with appliance printing techniques can be 
expected.
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7.5  CONCLUSIONS
The 2 methods used to evaluate the accuracy of printed dental models in this study 
(superimposition and digital measuring) led to the same conclusions. Printed dental 
models using the Polyjet printing technique are accurate, regardless of the model 
base design. For printed models with a horseshoe-shaped base design printed with 
the SLA 3D printer, statistically significant differences (transversal contraction) 
were found. Printed models with the SLA 3D printer with a horseshoe-shaped 
base with a posterior connection bar were accurate compared with printed models 
with a regular base. More studies are needed to evaluate the accuracy of printed 
models with other techniques and the accuracy of printed appliances in dentistry.
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8.1 INTRODUCTION
Digital technology in orthodontics has been around in the past decades, but due 
to continuous improvements digital orthodontics was growing rapidly in recent 
years. The main reason was the introduction of digital models. Laser scanning 
of plaster models for application in orthodontics began to be developed in the 
mid-1990s.1 However digital models were only commercially introduced for 
orthodontics in 1999 with OrthoCad (Cadent, Carlstadt, New Jersey, USA) and 
in 2001 with the Emodels (GeoDigm Corporation, Falcon Heights, Minnesota, 
USA).2 Nowadays, several companies developed scanners for orthodontics and, 
due to its practicality, chairside intraoral scanners will probably replace desktop 
scanners. Following the evolution of the scanners, the introduction of numerous 
software programs allowed orthodontists to plan clinical cases with more detail 
or even to simulate treatment outcomes before the beginning of the orthodontic 
correction. After virtual setup manufacturing, digital models can be printed by 3D 
printers to create proper appliances. 
The orthodontist who intends to follow the development of digital 
technology needs to know the benefits and limitations of the available digital 
tools. For this reason clinical studies are paramount to answer clinical questions 
about the use of digital technology in orthodontics. This study aimed to evaluate 
the accuracy and reliability of digital model acquisition by indirect methods, the 
accuracy of digital tools of software programs to aid orthodontic diagnosis and 
treatment planning, and the accuracy of printed models created by different 3D 
printing techniques.
We answered the following questions according to our studies:
Research question 1: What is the difference in the accuracy and reliability of 
digital models generated using surface laser and CT scanners compared with 
plaster models? Furthermore, what are the measurement accuracy differences 
between two different software programs? (chapter 2)
Research question 2: What is the accuracy and reliability of digital models 
obtained from polyvinylsiloxane (PVS) impressions scanned with a surface laser 
scanner? Does the time elapse between the impression procedure and the actual 
scanning of the impression influence the accuracy of the digital models? What is 
the influence of the type of soft putty PVS material on the accuracy of the digital 
models? (chapter 3)
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Research question 3: What are the differences between diagnostic conventional and 
virtual setups? Can different model superimposition methods influence the accuracy 
and predictability of diagnostic conventional and virtual setups? (chapter 4)
Research question 4: What is the accuracy of the use of wire shape diagrams on 
plaster models and customized digital arch forms on digital models? (chapter 5)
Research question 5: Are measurements made on printed models with the 
SLA printing process, made after intraoral scanning of the dentition, clinically 
comparable to the same measurements on plaster models, acquired from alginate 
impressions of the dentition in the same subjects? (chapter 6)
Research question 6: What is the accuracy of printed models with different model 
base designs made with two types of 3D printing techniques: SLA and Polyjet 
methods? (chapter 7)
In the following paragraphs, methodological issues and main findings of 
this thesis will be discussed. The last part of chapter 8 will focus on the future of 
orthodontics with the aid of digital technology.
8.2   PLASTER MODEL SCANNING IN ORTHODONTICS
Digital technology is changing the world of clinical orthodontics. Nowadays, the 
orthodontist can choose - according to his personal skills, the severity of the case, 
the growth stage, and the level of patient cooperation - to use fixed appliances on 
the buccal or lingual side of the dentition or a series of clear aligners to correct 
malocclusions. However, digital planning is only possible if the orthodontist uses 
digital documentation, including photographs, radiographs and digital models. 
Plaster model scanning is one of the most used methods to acquire digital models 
and, according to the results of our studies, digital models from plaster model 
scanning are accurate to be used in clinical practice (chapter 2).
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Basically, there are three techniques most used to scan a plaster model: 
laser surface scanning, structured light scanning and computed tomography 
(CT) scanning. The results of our study evaluating the accuracy of laser and CT 
scanners, showed that both methods can be used with clinical accuracy compared 
to the conventional plaster models. Digital models made by laser scanning of a 
plaster model presented a smoother dental anatomy with well-defined contours, 
while digital models made by CT scanning of plaster models had a more 
blurred appearance of dental contours and less detail. However, the accuracy of 
measurements on both digital models was similar, which was corroborated in 
previous studies.3-9 The voxel size used can affect the digital model accuracy if 
CT scanning is used. A voxel in radiography is the 3D equivalent of a pixel, the 
basic building blocks of a digital image on a display such as a computer monitor. 
One voxel indicates the value of the linear attenuation coefficient of a certain XYZ 
coordinate in the radiographic data set.10 Therefore, reducing the voxel resolution 
(increasing the voxel size) can result in a lower-quality radiographic image, more 
“noise” and artifacts, and less detailed anatomic information of the scanned object. 
According to the literature, the measurements on scanned dry mandibles from a 
CBCT with a 0.25 and 0.40 mm voxel size, were accurate compared with direct 
caliper measurements on the dry mandibles.11 As the CT scanner used in our 
study has a voxel resolution of 0.05 mm, the possible loss of accuracy caused by 
the voxel size is irrelevant.
The differences between scanning methods using laser or CT scanners were 
also discussed. For the laser scanned models the intercuspidation is established 
quickly and accurately with the use of the occlusal registration and the tactile feedback 
during the scanning technique. The occlusion in CT scanned models is determined 
after the scanning process by a dental technician, who articulates the maxillary and 
mandibular models using the scanned bite registration, to get a subjective “best 
fit” visually on the screen, without tactile feedback.12-14 This additional manual 
aligning step for CT scanned digital models is not only time-consuming, but it leads 
to inaccuracy in the interarch relationships.14 The absence of a “collision control” 
mechanism in the software and the subjective best fit of the dental models done by 
different operators could generate an inaccurate occlusion of digital models by CT 
scanning, mainly in midline, overbite, and overjet parameters.14 However, according 
to our results, the interarch relationship measurements, including overjet, overbite 
and sagittal relationship of left and right sides, presented no clinically relevant 
differences between laser and CT scanners (chapter 2).
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Not only the scanning method is important, but the accuracy of software 
programs plays an additional role in the use of digital planning. Several software 
programs are available for performing measurements on digital models. Although 
the measuring tools used in these software programs are quite similar, their 
accuracy should be compared. We selected two software programs (Ortho 
Analyzer (OA) (3ShapeTM, Copenhagen, Denmark) and Digimodel (DM) 
(OrthoProof®, Nieuwegein, The Netherlands)) and evaluated the accuracy of their 
digital model measurement tools compared to the conventional method using 
digital calipers on plaster models. We used the most studied software programs 
according to the literature to make a comparison of their digital measuring tools. 
Nowadays there are several other software programs on the market for digital 
planning in orthodontics. We advise that the accuracy of digital measuring tools of 
all these software programs should be tested by calibrated examiners, because the 
orthodontist needs accurate and reliable software programs to plan clinical cases.
The comparison of measurements on plaster and digital models presented 
larger differences compared to the differences where only the digital models were 
measured, which suggests that measuring digital models with software programs 
can be more reliable than measuring plaster models with digital calipers. Some of 
the differences found between measurements on plaster and digital models could 
be caused by the different measurement techniques. On digital models, the user can 
fix the selected measuring point with a click of the cursor and can magnify, make 
a cross-section and rotate the models to facilitate marking point interpretation, 
while on plaster models, mistakes during measurement with the caliper can occur, 
because there is no fixed marking of the landmarks.4 Regarding the mesiodistal 
dimensions between plaster and digital models, none of the measurements 
presented any clinically relevant difference, except for the models from laser 
scanning measured with DM, which showed a clinically relevant difference in the 
sum of the upper 6 teeth. Clinically relevant differences were found in the crown 
height of tooth 16 on the models from laser and CT scanning measured with OA. 
The measurements of the maxillary intercanine distance and the overbite showed 
the largest clinically relevant differences between measurements on plaster and 
digital models. In the comparison between the different digital models, only four 
parameters (sum of 6 and 12 mesiodistal diameters) presented clinically relevant 
differences among the 72 parameters that were compared between the sets of 
digital models. Therefore nor the type of scanner neither the software program 
influenced the measurement accuracy between the different groups of digital 
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models. Remarkably, the differences found were distributed across different 
parameters without being predominantly of a specific parameter, and could have 
happened by chance. The results of our study show that it is possible to use both 
software programs (Ortho Analyzer and Digimodel) to measure a digital model 
made with laser and CT scanning methods with no clinically significant differences 
in the measurement outcomes (chapter 2). 
8.3 IMPRESSION SCANNING IN ORTHODONTICS
The scanning of dental impressions is used as an alternative to scanning of plaster 
casts for the acquisition of a digital model. Therefore, the dimensional stability 
of the impression materials needs to be evaluated and confirmed. The negative 
volume of the impression is calculated from a 3D volume by inverting the 
data thus generating a digital model. This procedure can also be called “virtual 
pouring”.10 Currently, the most used impression materials in orthodontics are 
alginate and polyvinylsiloxane (PVS). The use of alginate is popular due to its low 
expense, ease of manipulation, hydrophilic properties, and ability to be used in 
stock trays.12,15 However, the dimensional stability of alginate impressions after 
making the impression is low, which can be considered a drawback. Dimensional 
stability is defined as the ability of a material to maintain its dimensional accuracy 
over a period of time.16 According to the literature, the stability of conventional 
alginate such as Jeltrate Plus (Dentsply Sirona, York, Pennsylvania, USA) should 
be acceptable after 30 minutes up to 48 hours of storage. In contrast, alginate 
impressions with extended storage capability such as Kromopan 100 (Kromopan 
USA, Morton Grove, Illinois, USA) are claimed to be stable after storage during 48 
to a maximum of 100 hours.17 The dimensions of alginate impressions can also be 
altered by temperature changes during transport to the laboratory, particularly if 
the temperature is below zero.16 A gradual decrease in the measurements on digital 
models made by scanning of alginate impression, after increase of the alginate 
storage time indicates that alginate impressions underwent dimensional shrinkage 
over time, due to a phenomenon called syneresis. A study by Lee et al.15 indicated 
that CT scanning of alginate impressions can be used adequately to acquire digital 
models up to scanning within 24 hours after taking the impressions. 
Although alginate impression scanning can be used to acquire digital models 
for orthodontic diagnosis with clinically acceptable accuracy,12,13 it is still not a 
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guarantee that these models are accurate enough for appliance manufacturing, 
such as indirect bonding trays, thermoplastic aligners, surgical splints, hyrax or 
other appliances made with digital technology. Depending of the time elapsed 
after taking the impression and the temperature during transport, the dimensional 
changes that occur in an alginate impression could cause full-arch measurement 
errors of nearly 4 mm.16 This means that alginate impressions can have significant 
distortion that could lead to misdiagnosis and possible treatment planning errors.
PVS is an excellent material for intraoral impressions because of its 
dimensional stability and detail reproduction.12 In addition, PVS impressions are 
not altered by extreme hot or cold temperatures during transport.16 A period of 
15 days is the time limit of the PVS material dimensional stability recommended 
by some manufacturers, but a disadvantage of this material is the higher cost 
compared to the alginate.12 Several articles confirmed the high accuracy of digital 
models from PVS impression scanning.12,16,18,19  If impressions are to be sent to 
a dental laboratory to be scanned, it should be better to make PVS impressions, 
rather than alginate impressions because of the proven stability of the PVS material.
Dental impressions can be scanned with different types of scanners, such as 
CT or laser scanners. With CT scanners the entire object is scanned and displayed 
without overlap in a dimensionally stable manner.10 Laser scanners may provide 
superior image resolution compared to CT scanners. However, the drawback of 
a laser scanner is that the laser beam cannot access or penetrate perfectly into all 
areas of an object. A parallax angle between the laser emitter and receiver causes 
a blind region, represented by holes, around deep grooves and undercuts, which 
cannot be scanned accurately.1 We found some difficulty with laser scanning of the 
narrower undercut areas such as the region of thin lingual-vestibular dimensions 
of mandibular incisors. However, the laser scanner we used automatically detects 
the undercut areas where the scan has less quality and scans that area again during 
the adaptive scanning phase turning the support of the impression by moving the 
scanning cameras on the rail. In some cases, the use of a titanium oxide powder on 
the mandibular incisor area of the impression was needed to improve the scanning 
accuracy (chapter 3).
In our study, we used several methods to compare the dimensions of the 
dental models. For plaster models a digital caliper was used. For digital models 
from PVS impression scanning, measuring techniques with digital measuring 
software tools and model superimposition methods were used. The measurement 
techniques used to compare plaster and digital models can lead to interpretation 
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errors by the examiners due to the subjective interpretation in locating the 
reference points, especially when the examiners are not calibrated very well 
prior to the study.20 The model superimposition method is easy and fast and 
misinterpretations caused by measurements of different examiners can be avoided 
as the analysis is made by software programs.21 
According to our study, measurements on digital models made after 
PVS impression scanning showed on average smaller dimensions compared 
with measurements on plaster models, which was also found in other studies.22 
However, most of the statistically different parameters did not present clinically 
relevant differences, with exception of one examiner with less experience in 
measuring models. For all examiners the overbite was the only parameter with 
a clinically significant difference between plaster and digital models, with lower 
values for the digital models (chapter 3). The different measuring methods and the 
subjectivity of the definition of the occlusion between the digital models, using 
the scanned bite registration as a reference, could be the reasons for the difference 
in overbite measurement.6,12,13 Another inaccuracy in the bite registration could 
be caused by deformation of the wax bite registration during removal from the 
mouth, or during storage or transportation, so software programs are often used 
to correct inaccuracies in the occlusal relationships of digital models made by 
impression scanning. 
A study found comparable accuracy in intra-arch linear measurements 
between a 100-hour dimensionally stable alginate and a PVS material, scanned 
with a CT scanner within 48 hours after impression taking.12 We found that 
PVS impressions scanned in a period up to 15 days with a laser surface scanner 
produced digital models with clinically satisfactory accuracy, regardless of the 
soft putty viscosity type (regular or soft) material used (chapter 3). Of course, the 
results of this study are related to only one brand of PVS material (Futura, Nova 
DFL, Rio de Janeiro, Brazil). More studies are needed to confirm if other types of 
PVS material have the same material properties.
Despite the fact that the accuracy of PVS impression scanning is clinically 
sufficient, the method of digital model acquisition with an intraoral scanner 
should be evaluated. With this chairside intraoral scanning unit the dentist and 
orthodontist are able to scan the patient’s dentition directly using a hand-held 
camera. If an intraoral scanner is used, the digital dental model is immediately 
available after the scanning procedure and no separate bite registration material 
is needed to define the occlusion. These intraoral scanning systems have several 
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advantages when compared to other dentition registration methods. Especially the 
discomfort of taking impressions with impression trays and impression material 
can be eliminated. With the advancement of digital technology, intraoral scanners 
will improve and become less expensive. These scanners will probably be the first 
option for digital model acquisition for orthodontics and will replace indirect 
methods, such as plaster or impression scanning.
8.4  DIGITAL PLANNING IN ORTHODONTICS
Although the fundamentals of the diagnostic process in orthodontics remain the 
same, the incorporation of digital systems and technologies transform the workflow 
of the orthodontic office. The possibility to simulate an orthodontic treatment 
(setup) using software programs offers several advantages for the orthodontist 
compared to the traditional setup with plaster models.23 Setups can be divided 
into two groups: diagnostic setups and therapeutic setups. The diagnostic setup 
is a valuable aid in testing the effect of a complex therapy, such as asymmetric 
extractions, space redistribution in cases with congenital missing teeth and 
combined orthodontic and surgical cases. It could also improve the communication 
with the patient. The therapeutic setup can be used for the mentioned goals, but it 
can also be used for the fabrication of orthodontic appliances such as clear aligners 
and customized buccal or lingual fixed appliance systems, beyond manufacturing 
indirect bonding trays and customized wires bend by a wire-bending robot.24-26
In order for the orthodontist to ensure well planned clinical cases using 
digital planning, it is important that accuracy and predictability of the setups is 
evaluated. Only two published studies compared the accuracy of conventional 
and virtual setups, but they measured distances,27 or used occlusal indices28 
for this comparison. None study compared conventional and virtual setups by 
model superimposition. Regarding the prediction of virtual setups, some studies 
evaluated the predictability of therapeutic setups by model superimposition using 
the best fit method and the outline of the dentition as a reference.25,26,29,30 There is 
a lack of studies evaluating the accuracy and predictability of conventional and 
virtual setups by model superimposition using stable structures as a reference. 
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8.4.1 Conventional and virtual setups
In our study (chapter 4), we investigated the accuracy and predictability of 
diagnostic conventional and virtual setups using different model superimposition 
methods. Conventional and virtual setups were superimposed using the second 
molar as a stable reference as these teeth were not moved in both setups, and 
they were also superimposed by whole surface best fit method (WSBF) using the 
outline of the maxillary and mandibular dentition from first molar to first molar. 
The conventional setup models were the reference for these superimpositions. We 
evaluated the accuracy differences between the models in three regions (anterior, 
intermediate and posterior). Maximum and minimum distances, root mean 
square discrepancy (RMS) and the 95 percentile values were recorded. The results 
showed that conventional and virtual setups differed when superimposed on each 
other (chapter 4). Regarding the influence of the model superimposition method, 
only the maximum deviation in the anterior region of the mandibular models 
presented a statistically significant difference between the setup models, but all 
parameters presented smaller differences between the models with the WSBF 
method compared to the second molar registration method. This result suggests 
that the WSBF superimposition method can minimize the differences between the 
models compared to the method using stable structures as a reference for model 
superimposition.
However, considering the three regions studied, the differences in RMS 
were lower than 1.0 mm, with exception of the anterior mandibular region with the 
second molar registration method which was 1.066 mm. These differences lower 
than 1.0 mm are within the threshold for translational discrepancies determined 
by Grauer and Proffit.25 Another study found similar results in the measurements 
for intra-arch and interarch occlusal variables between virtual and conventional 
setups using the ABO objective grading system.28
There are differences between the conventional and virtual setup 
manufacturing that can affect their accuracy. For example, to define the arch form 
for the conventional setups, pre-established wire shape diagrams are used, while 
for the virtual setups the arch form is defined using software tools that customize 
the digital arch form (chapter 5). This difference in the setup procedure could 
cause the differences in the transversal dimensions between the conventional 
and virtual setup models. The tooth segmentation technique for both methods 
is also different. While in conventional setups a possible loss of tooth structure 
during the cutting process of the plaster can occur, the teeth in virtual setups 
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are segmented from the digital model using virtual segmentation techniques. 
Furthermore, in a virtual setup it is possible to perform a reversible procedure of 
digital reduction of tooth dimension “interproximal stripping” if needed, while 
in a conventional setup when interproximal material is removed, it is impossible 
to restore the original tooth anatomy. In a conventional setup it is important 
to establish some references for its manufacturing such as the facial midline, 
maxillary and mandibular midlines and the position of mandibular incisors to 
control their retrusion or protrusion. In a virtual setup these references are not 
used because the movement control can be determined by the dental movement’s 
script provided by the software using each tooth’s long axis as a reference for the 
movements (angulation, inclination, extrusion, intrusion, for example). It seems 
to be easier to control the vertical movements respecting the occlusal plane in 
a virtual setup than in conventional setup, as the latter presented more dental 
extrusions compared to the virtual setups, according to our study (chapter 4). 
Furthermore it is more difficult to quantify the performed movements in each 
tooth in a conventional setup, while in a virtual setup it is possible to quantify any 
movement in the three planes of the space and superimpose the original tooth 
position with the planned tooth position, which favors its evaluation.
8.4.2 Model superimposition and predictability of setups
Cephalometric superimpositions are currently the most widely used means 
for assessing sagittal and vertical tooth movement. However, there are some 
disadvantages and limitations of cephalometric radiographs and superimposition. 
Its drawbacks include difficulties in evaluating 3D tooth movement, identification 
of inherent landmarks, possible tracing errors and of course radiation exposure. 
The digital model superimposition technique was found clinically as reliable as 
cephalometric superimposition for assessing orthodontic tooth movements.31 In 
our study, the conventional and virtual setups were compared to the posttreatment 
models to assess their predictability using two model superimposition methods: 
WSBF and regional palatal rugae registration best fit (PRBF) (chapter 4). Although 
the WSBF superimposition technique was used in other similar studies and showed 
high accuracy and reproducibility,25,26,29,30 this method uses only the dentition as 
a reference for model superimposition, therefore no stable structure is used  as a 
reference as all teeth usually move during the orthodontic treatment.
Regarding the digital model superimposition technique, since teeth are 
displaced during orthodontic treatment, their characteristic shape cannot be 
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employed for registration purposes.32 During  facial growth, there are no absolute 
stable structures; however, some landmarks are reported to be more stable and 
can be nominated as basic structures or points to evaluate the changes in other 
anatomical forms including the dentition. On the maxilla, the soft-tissue coverage 
of the palate is a structure available to be used as a stable reference for model 
superimposition in growing patients during an orthodontic treatment, however, 
the closer the rugae points are to the moved teeth, the more they will be affected.33 
Some studies reported that the medial and posterior rugae points are more 
stable compared to the anterior and lateral regions.34,35 A recent study stated that 
superimposition of digital models on the medial part of the third rugae and a small 
area dorsal to that provides accurate, reproducible, and precise results,36 therefore 
we used this stable structure as a reference for model superimposition. The PRBF 
method was used for the maxillary models, to superimpose the virtual setups 
and the posttreatment models. For the conventional setup models, the loss of the 
palatal rugae during the dental cutting process did not allow superimposition 
on this stable structure on the maxillary models. Regarding the mandible, the 
chin and symphysis regions from CBCTs were considered stable structures for 
superimposition in growing individuals.37 However it is still a challenge to establish 
stable structures in the mandibular arch itself. A study suggested the use of the 
mandibular torus,38 but a large number of patients do not have this anatomical 
structure, so we could not use the torus to superimpose the posttreatment and 
virtual setup mandibular models.
Model superimposition by the WSBF method showed that the mean 
differences between the posttreatment and conventional setup models were, for 
most of the parameters, larger than the mean differences between the posttreatment 
and virtual setup models, in the three regions studied. However, according to the 
paired t test, only the maximum deviation in the posterior region of the maxillary 
models and the 95 percentile in the intermediate region of the mandibular models 
presented statistically significant differences. On the other hand, statistically 
significant differences were found in the comparison of posttreatment and 
virtual setup maxillary models for nearly all parameters regarding the two 
superimpositions methods used (WSBF and PRBF). The WSBF superimposition 
technique presented smaller differences between the models compared to the 
PRBF for all parameters. The PRBF superimposition method showed some vertical 
changes such as dental extrusions in the posttreatment models that can be caused 
by the orthodontic mechanics or as a result of the patient’s growth. These changes 
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are more difficult to predict in a virtual planning. This suggests that the WSBF 
method minimizes the differences between the models because this technique 
uses an iterative closest-point algorithm to align the posttreatment digital model 
and the setup models without considering stable structures as reference, which 
can mask the results of tooth movement (chapter 4). Therefore, we conclude that 
the WSBF method can be used accurately to superimpose the same model created 
by different acquisition methods to analyze their possible differences.39,40 The 
WSBF superimposition method is not suitable to compare different models such 
as progress models during an orthodontic treatment or a planned setup model and 
a posttreatment model, as used by other studies.25,26,29,30 
The differences between the teeth positions in a setup and a model after 
orthodontic treatment can also be caused by side effects of the orthodontic treatment 
mechanics, bonding failures and compliance-problems during treatment.26,29 
Therefore, we did not analyze specific tooth positions in our study, but evaluated the 
differences per region of the dental arches, using the data provided by the software 
programs used after the different model superimposition methods were applied. 
According to our results there was a similarity in the predictability of conventional 
and virtual setups between anterior, intermediate and posterior regions using the 
WSBF method. No statistically significant differences in the parameters was found, 
except the 95th percentile on maxillary model in the comparison of posttreatment 
and virtual setup models between anterior and posterior regions. Regarding the 
comparison according to ANOVA between regions of maxillary posttreatment 
models and virtual setup models, superimposed by PRBF method, there were no 
statistically significant differences for any of the parameters between the three 
regions studied, so the anterior, intermediate and posterior regions presented 
similar differences (chapter 4).
A disadvantage of both setup methods used in this study is that only the 
dental crown was used to fabricate the “ideal setup”. Lack of information regarding 
root shape and position makes it difficult to achieve proper mesiodistal angulations 
and bucco-lingual inclinations of the roots.41 The combination of dental crowns 
from digital models and roots and alveolar bone shape from a CBCT can help to 
improve the setup, which can only be available with virtual setups and digital data. 
However, the use of CBCTs will increase radiation exposure42 and a substantial 
amount of time and effort is required for the segmentation of each tooth, 
including the roots, from the complex craniofacial bony structures, and for the 
superimposition of individual crowns of digital models and CBCTs, in cases where 
both a CBCT and an intraoral scan are available.43
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We had other limitations in this study. This was a preclinical study with 
a limited sample of diagnostic setups of Class I malocclusions treated without 
extractions. Only intra-arch evaluations were performed in the superimpositions, 
so inter-arch changes could not be evaluated in this study. In addition, only the 
differences in the three segments of each arch were evaluated and not individual 
teeth positions. Therefore future studies on the accuracy and predictability 
of conventional and virtual diagnostic setups in orthodontics using the 
superimpositions methods proposed in this study should be performed for the 
evaluation of other malocclusions. The mentioned superimposition techniques 
should be performed combined to selected inter-arch measurements such as 
overjet, overbite and sagittal relationship to allow a better evaluation between the 
models.
The results of the study in chapter 4 showed that the orthodontic treatment 
outcome will not be exactly as presented in the diagnostic setup. Therefore, a 
diagnostic setup should be used as a valuable tool to judge the outcome of a certain 
treatment plan and not presented as a precision tool for the treatment outcome. 
A therapeutic setup can be used to order customized appliances, indirect bonding 
trays and customized arch wires to achieve more accurately the planned results, 
but so far there is no evidence that using customized appliances and customized 
arch wires leads to better treatment results. A follow-up documentation during 
treatment can be used to evaluate intermediate treatment results and to improve 
treatment mechanics to achieve the planned treatment outcome.
8.4.3 Arch form definition
As the arch form is important to maintain the arch dimensions and to guide the 
orthodontic treatment, we evaluated in chapter 5, the accuracy between the use 
of wire shape diagrams on plaster models and customized digital arch forms on 
digital models assessed by three examiners. The arch forms for the mandibular 
arch were defined according to the original malocclusion and not based on the 
setup. On plaster models the diagram template named DIFAM (Mucha’s Arch 
Form Individualized Diagram) was used.44 A digital arch form diagram was 
created on digital models, using the digital arch form customization tool in the 
Ortho Analyzer software and a PDF report was generated by the software. With the 
version of the software used in the study, a different magnification of the arch form 
size in the report and the real size of the digital models was found. Fortunately, 
this magnification problem was corrected in the newest version of Ortho Analyzer 
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software, therefore the digital arch form defined in the software and available in 
the report currently presents a 1:1 ratio. 
The digital arch form of each digital model created in Ortho Analyzer 
software was superimposed to the respective arch form diagram selected on 
the plaster model using the best fit method. Both arches were superimposed 
using a subjective method to locate the landmarks. Another study proposed an 
objective method with software to generate the best-fit curve, using a fourth-
degree polynomial equation, to the clinical bracket points (CBP) on the digital 
models, to select the best preformed arch wire according to the RMS between 
the curves.45 The smaller the RMS value, the greater the adaptation of the arch 
to the CBPs. The authors compared this objective method with the subjective 
method by visual inspection and found that the selection of preformed arch 
wires objectively improved the wire fit to CBPs.45 However the subjective method 
of arch form definition, on both plaster and digital models, used in our study 
(chapter 5) presented good accuracy. Smaller differences between the arch form 
superimpositions were found in the right anterior and left premolar regions by all 
examiners. The largest differences were found in the right and left second molar 
regions (chapter 5). These results are similar to another study which showed a 
decreasing accuracy for measurements from the anterior region towards posterior 
teeth.46 According to the literature, differences of l mm between arch forms are on 
average clinically significant, since the posttreatment arch form tends to return 
towards the original or even a narrower pre-treatment arch form during the 
retention period.47 In our study, clinically significant differences between the arch 
forms were only found in the second molars area (chapter 5). 
Some differences in arch form definition on plaster and digital models were 
found. For plaster models the diagram template cannot fit very well for all dental 
areas, such as the second molar region. On digital models, the software can be used 
to adapt the virtual wire exactly to the digital dentition. Therefore the customized 
digital arch forms on the digital models represented the anatomical dentition in a 
more accurate way compared to the preformed wire shape diagrams selected for 
the plaster models, especially in the second molar area. Although the differences 
between the superimposed arches were considered clinically not significant, the 
ICC showed a weak correlation in the premolar region and a moderate correlation 
in the anterior and molar regions between the examiners. These differences can 
be caused by the subjective method of arch form definition on both plaster and 
digital models by each examiner, especially in asymmetrical arches in the premolar 
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region. However, despite there were differences between the arch forms diagrams 
for the plaster and digital models and between the examiners, these differences do 
not clinically change the main arch form to be used for the orthodontic treatment. 
It can be suggested that both methods to define the arch form for a patient on 
plaster and digital models can be effective (chapter 5).
8.5   THE USE OF 3D PRINTING TECHNIQUES IN 
ORTHODONTICS
3D printing was introduced more than a decade ago, but was not widely applied 
in the orthodontic office due to the highly complex and expensive equipment 
needed. However, a series of improvements and cost reduction have now enabled 
the use of 3D printing in orthodontics. Therefore the knowledge of different 
printing techniques and their accuracy are fundamental if printed dental models 
will be used as an alternative for plaster models. If an intraoral scanner is used, 
in combination with digital planning software and a 3D printer, the orthodontist 
can achieve a complete digital workflow, eliminating traditional impressions and 
plaster models. According to some studies, printed models are sufficiently accurate 
to replace plaster models in orthodontics,48-52 but there are several printing 
techniques which should be studied. In this thesis the accuracy of two 3D printing 
techniques (Stereolithography (SLA), and Polyjet) among the others available for 
dentistry is reported (chapters 5 and 6). Other printing techniques such as the 
FDM (fusion deposition modeling) technique were not studied in this thesis due 
to the poorer accuracy of dental models made with this technique compared to the 
other techniques reported in the literature.48,53
In the SLA printing technique an object is created by selectively curing 
a polymer resin layer using an ultraviolet (UV) laser beam or a digital light 
projector (DLP printers). The materials used in SLA printing are photosensitive 
thermoset polymers that are printed in a liquid form and then solidified through 
a process called photopolymerization. In the Polyjet technique, the liquid acrylic 
photopolymer material is deposited in thin layers by multiple inkjet print heads 
attached to the same carrier side-by-side on the whole print surface and then 
solidified by photopolymerization.  
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In chapter 6 we compared the measurements made on printed models with 
the SLA printing technique, from a DLP 3D printer, made after intraoral scanning 
of the dentition of volunteers, to measurements on a sample of plaster models 
acquired from alginate impressions of the dentition of the same subjects. Printed 
models were created with a horseshoe-shaped base, as used for thermoplastic aligner 
fabrication. The results of this study showed no clinically relevant differences in 
the measurements of tooth dimensions (mesiodistal diameter and crown height) 
and in the interarch relationship (overjet, overbite and sagittal relationship), but 
the transversal dimensions, especially the maxillary and mandibular intermolar 
distances, presented a clinically relevant reduction in the printed models (chapter 
6). The high accuracy of mesiodistal crown dimensions and clinical crown height 
using the SLA technique was also reported by Hazeveld et al.,52 and Kim et al.,48 but 
the high accuracy of clinical crown height was not reported by Keating et al.51 In 
their study a translucent model was used and the researchers reported difficulties in 
landmark identification of the model’s cervical margins. The interarch relationship 
parameters were not evaluated by other studies, but the differences in accuracy of 
the intermolar distances, for plaster and printed models as found in our study, were 
not reported in other studies using the SLA technique.48,51 However, the results of 
our study can be specific for the 3D printer used (Ultra, Envisiontec, Gladbeck, 
Germany). In the SLA technique, curing continues even after the completion of 
the printing process. To achieve the best mechanical properties, SLA parts must 
be post cured, by placing them in a cure box using a 400 watt UV lamp during 
20 seconds under intense UV light to cure the resin completely. This post curing 
improves the hardness and temperature resistance of the SLA printed models. 
It has been published that model shrinkage during building and post curing as 
well as the residual polymerization and transformation of photo cured materials 
can cause differences in the accuracy of printed objects.51,52,54 Therefore it can be 
speculated that the clinically relevant differences in transversal distances may have 
been caused by the post cure process (chapter 6).
We developed a study to verify if the use of another printing technique can 
influence the accuracy of printed models. In chapter 7 we report the accuracy of 
printed models, made with different model base design, printed with two types of 
3D printing techniques: Stereolithography (SLA) and the Polyjet method. In this 
study we designed three different dental model bases: a regular base according to the 
ABO (American Board of Orthodontics) requirements, a horseshoe-shaped base 
and a horseshoe shaped base with an extra bar in the second molar area connecting 
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the posterior region of the arches. The results of this study are in concordance with 
other studies, which reported the high accuracy of printed models using the SLA 
technique with a regular base.50-52 However, the models with horseshoe-shaped 
base printed with the SLA printing technique presented a statistical significant 
reduction in the transversal dimensions, compared to the printed models with the 
regular base. The printed models with the SLA printing technique, with the same 
printing material and the same post cure procedure with regular or horseshoe-
shaped base with bar, did not present statistically significant differences among 
the parameters studied. Therefore, the inclusion of a bar connecting the model 
posterior regions prevented the contraction of the horseshoe-shaped base models 
printed with the SLA technique and cured after printing. The Polyjet printed 
models did not present any parameter with statistically significant differences 
regardless of the design of model base, which confirms the high accuracy of this 
3D printing technique48,52,53,55 (chapter 7). Similarly to SLA technique, Polyjet 
printed parts have homogeneous mechanical and thermal properties, but unlike 
SLA technique, dental models printed with the Polyjet printing technique are 
fully cured during the building process and post curing is not needed. However 
Polyjet 3D printers are more expensive than SLA 3D printers. It is paramount to 
make some printing tests using the three types of model base design selected in 
this study, before using a SLA 3D printer, to verify the accuracy of the transversal 
parameters of the printed models. The post cure procedures recommended by the 
3D printer manufacturer must be used in these tests.
The difference in layer thicknesses for the printed models has been 
mentioned as a cause of contraction of printed models.52 Higher resolution in the 
layer height is synonymous with reduced layer height on a printed part in 3D 
printing. However, although a smaller particle size (higher resolution) will likely 
result in more detail in a printed model and an improved surface finish, it does 
not always mean that the printed model is more accurate than those printed with 
larger layer settings (lower resolution).55 The typical layer height in SLA technique 
ranges between 0.025 mm and 0.10 mm. In the Polyjet technique, the typical 
layer height is 0.016 mm and 0.032 mm. A layer height of 0.10 mm is suitable 
for most common applications in orthodontics. Lower layer heights capture 
curved geometries more accurately but increase the building time, the cost and 
the probability of a failed printed model. Moreover, increased layer quantity also 
increases the potential for error, artifacts, and print failure, which could result in 
decreased accuracy of the printed object. Therefore, with respect to dimensional 
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accuracy, Favero et al.55 found that printed models with layer heights of 0.025 mm 
to 0.10 mm using SLA and Polyjet techniques, preserved dimensional accuracy 
within clinically acceptable limits. In our study, the SLA models presented a higher 
layer thickness (0.10 mm) compared to the Polyjet models (0.016 mm), but as 
the difference in layer thickness in the printed models in this study did not affect 
the accuracy of the printed models with regular base or with horseshoe-shaped 
base with connection bar, the transversal contraction found in the printed models 
with horseshoe-shaped base printed with the SLA printer could be caused by the 
absence of a regular base or a connecting bar with a solid resin in the posterior 
region of these models, and not by an influence of the layer height (chapter 7). 
8.6   THE FUTURE OF ORTHODONTICS WITH THE AID 
OF DIGITAL TECHNOLOGY
This thesis describes aspects of the application of digital technology in orthodontics 
and the main steps of a digital workflow in orthodontics: digital model acquisition, 
digital treatment planning and 3D printing techniques. The knowledge of the 
accuracy and resources of digital technology are fundamental for a routine use 
in the clinical practice. Currently the orthodontist should be capable to learn 
how to effectively use new methods and concepts before he decides to embrace 
digital technology in his clinical routine. The use of digital technology only makes 
sense if it can improve or even optimize orthodontic diagnosis, provide greater 
predictability of the treatment results, achieve better results, reduce treatment time 
and generate more comfort for the patients. As an extra bonus, the orthodontist 
who uses digital documentation can store all clinical data “in the cloud” which 
makes it possible to perform the treatment planning outside the dental office, 
which saves time and increases productivity.
Recent innovations improved custom orthodontic systems for buccal 
and lingual orthodontic appliances, computer bending of orthodontic wires 
and enabled clear aligner therapy. All these custom systems are provided using 
a virtual setup. Therefore, the orthodontist who intends to start working with 
digital technology including custom orthodontic appliances should be able to 
make an ideal virtual setup or to correct the setup proposal of the dental lab. 
The orthodontist is responsible to make a correct diagnosis and treatment plan, 
decides to treat the case with or without extractions and selects ideal treatment 
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mechanics. The treatment plan should take into account the individual’s biological 
boundaries of tooth movement, including the correction of vertical problems 
such as deep overbites or open bites; transverse problems as lingual or buccal 
crossbites and incorrect sagittal relationships. To improve the predictability of an 
orthodontic treatment it is paramount to choose mechanics with minimal need of 
patient cooperation. The use of skeletal anchorage such as intra- or extra-alveolar 
mini implants, miniplates, and the use of fixed functional appliances can reduce 
the need for patient cooperation and decrease treatment time.56,57 The treatment 
with custom fixed appliances can be facilitated with the aid of customized arch 
wires and indirect bonding trays to position the brackets, which can be chosen 
from a digital library that contains different bracket types and prescriptions. A 
bracket can also be directly manufactured with a 3D printer, so its shape, including 
base, slot and hooks can be altered, providing unlimited potential for orthodontic 
biomechanics. These tools can favor intra arch leveling and aligning. However 
the custom systems currently available are not accurate enough to finish a case 
exactly as virtually planned due to the inter arch problems, individual reactions to 
orthodontic forces and cooperation differences. 
According to the literature, compared to the direct bonding technique, 
indirect bonding increases the accuracy in bracket positioning, including better 
leveling of marginal ridges and reduction of torque errors and rotation deviations; 
and diminishes clinical chairside time.58,59 Indirect bonding technique and pre-
fabricated custom arch wires could reduce the need for compensatory arch wire 
bends and repositioning of brackets. Eliminating these steps from the orthodontic 
treatment could decrease the total treatment time. However, the orthodontists 
will know more precisely whether the bracket positions are correct in the 
finishing stages of the treatment. Therefore in most cases, bracket repositioning 
or detailing bends in the final arch wires are required,41 mainly due to potential 
errors that would otherwise arise from variation in bonding thickness, variable 
biological responses to orthodontic forces, inaccuracies in fabrication or seating 
of the indirect bonding trays and looseness between the slot and the arch wire. 
Furthermore, CAD/CAM transfer jigs cannot cover the undercut of a bracket, and 
the elasticity of the jig would be less than that of traditional silicone to make a 
free gap between the transfer jig and the bracket.60 Therefore fixed customized 
appliances planned digitally should be faced as a facilitator of preadjusted brackets 
mechanics, as well as preadjusted appliances facilitates edgewise mechanics, 
diminishing the number of bends. Although customized digital systems should 
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be considered as a tool to guide the orthodontic treatment plan and to improve 
the treatment duration and the predictability of the results, this information is 
controversial and has not been proven yet, so more randomized controlled trials 
with larger sample sizes are needed in this research field.61
Regarding the thermoplastic aligner treatment, some planned movements 
in the virtual setup present less predictability, but it is difficult to estimate the 
inaccuracy percentage of a specific tooth movement. Overcorrecting the movement 
by an appropriate amount or staging the movement in smaller increments in the 
virtual setup may result in the desired outcome. Despite the technological advances 
and changes the companies implement, clinicians still find that a refinement stage 
is often necessary with clear aligner therapy.62
Another advantage of digital planning is the possibility to align digital 
models into 3D extraoral photos using a digital smile design technique to plan 
orthodontic movements from a facial perspective.63 3D photos can also be used 
to monitor soft tissue changes in three dimensions by superimposition.64 An 
additional application for digital models is the integration of a digital model with 
CBCT,65 which improves the visualization of the roots and adequate alveolar bone 
thickness in the virtual setup, helping to ensure root parallelism and avoiding 
root exposure.66 The integration of CBCTs and digital models also favors the 
manufacturing of digital surgical guides for implants and mini implant placement, 
and orthognathic surgery.67,68 In the future the simulation of an orthodontic 
treatment with a virtual setup combining digital models, CBCTs and 3D photos 
can be envisioned, so specific algorithms will be created to predict the alveolar 
bone and soft tissues changes according to the dental movements performed, 
demonstrating the potential for a true 3D reconstruction of the patient’s 
craniofacial complex for orthodontic diagnosis, treatment planning and progress 
assessment. Until now, however, biological data are unable to predict the complex 
changes in the periodontal-alveolar bone interface under stress and hence the 
computer models based on those data are still very limited in their capability to 
predict treatment outcome.
The combination of intraoral scanning, CAD software programs and 
accurate 3D printers can be considered a step towards improving the efficiency 
and quality of intraoral devices due to the absence of impression material, which 
has the potential for distortion and inaccuracies. Furthermore, the problems 
associated with transferring the impression from the clinic to the dental laboratory 
and the storage of plaster models in the orthodontic office could be eliminated 
along with the costs associated with storage.69
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Digital planning can be considered an aid for the orthodontist. A suggested 
workflow for digital orthodontics is: 1) get an initial digital documentation, 
including digital photographs, radiographs and models; 2) make a virtual setup 
to assess the planned result according to the diagnosis and treatment planning; 3) 
define digitally the bracket placement according to the setup using indirect bonding 
trays; 4) define the arch form based on the setup; 5) execute the orthodontic 
treatment using the best treatment mechanics for each case according to the setup; 
6) finish the case and get a final digital documentation; 7) evaluate the performance 
of the orthodontic treatment by a model superimposition, using stable structures 
as a reference, between the posttreatment models and the planned models from 
the setup; and 8) evaluate the follow-up of orthodontic retention and postretention 
periods scanning the arches of the patient annually and superimposing, using the 
best fit registration method, the follow-up models and the posttreatment models 
to assess possible relapse of dental positions and possible wear progression of teeth 
during the retention and postretention periods.70 Using digital technology, the 
orthodontist can improve the communication and develop a trustful relationship 
with the patient. A planned goal is defined, so the orthodontist and the patient 
should understand the responsibility of each other facilitating the cooperation to 
achieve a successful orthodontic correction. The posttreatment models can be used 
as a backup of the patient’s dentition, therefore if trauma, wear or caries damage 
the teeth of the patient during the retention or postretention periods, an aesthetic 
restoration can be performed using the posttreatment models as a reference. 
It is difficult to estimate when digital technology will replace, on a large 
scale, the conventional methods of orthodontic treatment currently used. If an 
orthodontist starts to use this digital equipment he will notice that there is a 
learning curve and instant success cannot be expected. The adoption of innovations 
comes in cycles. Technological evolution produces small improvements over time 
until some paradigm shift changes the way to deal with digital orthodontics; then 
another slow improvement cycle starts all over again until the practical benefits 
of the new technology have become accepted as normal for most of professionals. 
The digital era of orthodontics has been adopted by more and more professionals 
each year and undoubtedly will be the future of the specialty. However, currently, 
there is a lack of scientific evidence from randomized controlled trials to prove 
the benefits of the use of digital technology in orthodontics over conventional 
orthodontics, such as better predictability and treatment results, shorter treatment 
duration and greater patient comfort.
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8.7  CONCLUSIONS
On the basis of the main findings of this PhD research, it is possible to conclude:
ü	The digital models generated from a series of plaster models by using the R700 
laser scanner and the CT scanner are accurate and reliable and can replace 
conventional plaster models. Only a few clinically relevant differences in 
measurements were found. Measurements on these digital models performed 
using two different software programs (Ortho Analyzer and Digimodel) are 
accurate; therefore, both fabrication methods and software programs can be 
used interchangeably.
ü	The acquisition of digital models by surface laser scanning of PVS impressions 
scanned within 15 days after impression taking resulted in an accurate digital 
model, regardless of the soft putty viscosity type. Although statistically 
significant differences were found in measurements between the plaster and 
digital models, the accuracy and reliability of these digital models are clinically 
acceptable, except for the overbite. Based on the superimposition method of 
comparison, no statistically significant difference was found. Therefore, these 
digital models can be used for treatment planning. 
ü	We found differences between diagnostic conventional and virtual setups 
and the final result after orthodontic treatment. The superimposition of the 
posttreatment models and both setups presented comparable differences 
and these differences were not statistically significant using the WSBF 
superimposition method. Differences between the anterior, intermediate and 
posterior regions in the comparison between posttreatment and both setup 
models using the WSBF and PRBF superimpositions methods were similar. The 
model superimposition method can influence the accuracy and predictability 
of setup models. There were statistically significant differences between the 
maxillary posttreatment and virtual setup models using the WSBF and the 
PRBF superimposition methods. The PRBF method showed larger differences 
between the models compared to the WSBF method. It is important to establish 
stable structures as a reference to evaluate the predictability of setup models.
ü	The methods used to define arch form in orthodontics are subjective, but the 
superimposition between the arch forms on plaster and digital models was 
considered accurate in our study. Moreover, the differences were not clinically 
significant, with the exception of the second molar region. The agreement of 
arch form definition on plaster models among the 3 examiners was excellent 
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when arch shape was considered and good when individual arch form was 
considered. The digital method of arch form definition can substitute for the 
conventional method used on plaster models.
ü	Although most dental dimensions of the plaster and printed models measured 
with a digital caliper were clinically not significantly different, the printed 
models with the SLA technique using a horseshoe-shaped base from intraoral 
scanning of the dentition cannot replace conventional plaster models made 
from alginate impressions in orthodontics due to their clinically relevant 
reduced transversal dimensions in the posterior region.
ü	Printed dental models using the Polyjet printing technique are accurate, 
regardless of the model base design. For printed models with a horseshoe-
shaped base design printed with the SLA 3D printer, statistically significant 
differences (transversal contraction) were found. Printed models with the SLA 
3D printer with a horseshoe-shaped base with a posterior connection bar or 
with a regular base were considered accurate.
Leonardo_Camardella.indd   187 13-02-19   13:24
Chapter 8
188
8.8 REFERENCES
1.  Kuroda T, Motohashi N, Tominaga R, Iwata K. Three-dimensional dental cast analyzing system using 
laser scanning. Am J Orthod Dentofacial Orthop 1996;110:365-9.
2.  Fleming PS, Marinho V, Johal A. Orthodontic measurements on digital study models compared with 
plaster models: a systematic review. Orthod Craniofac Res 2011;14:1-16.
3.  Grunheid T, Patel N, De Felippe NL, Wey A, Gaillard PR, Larson BE. Accuracy, reproducibility, and 
time efficiency of dental measurements using different technologies. Am J Orthod Dentofacial Orthop 
2014;145:157-64.
4.  Stevens DR, Flores-Mir C, Nebbe B, Raboud DW, Heo G, Major PW. Validity, reliability, and 
reproducibility of plaster vs digital study models: comparison of peer assessment rating and Bolton 
analysis and their constituent measurements. Am J Orthod Dentofacial Orthop 2006;129:794-803.
5.  Mullen SR, Martin CA, Ngan P, Gladwin M. Accuracy of space analysis with emodels and plaster 
models. Am J Orthod Dentofacial Orthop 2007;132:346-52.
6.  Santoro M, Galkin S, Teredesai M, Nicolay OF, Cangialosi TJ. Comparison of measurements made on 
digital and plaster models. Am J Orthod Dentofacial Orthop 2003;124:101-5.
7.  Watanabe-Kanno GA, Abrao J, Miasiro Junior H, Sanchez-Ayala A, Lagravere MO. Reproducibility, 
reliability and validity of measurements obtained from Cecile3 digital models. Braz Oral Res 
2009;23:288-95.
8.  Veenema AC, Katsaros C, Boxum SC, Bronkhorst EM, Kuijpers-Jagtman AM. Index of Complexity, 
Outcome and Need scored on plaster and digital models. Eur J Orthod 2009;31:281-6.
9.  Wan Hassan WN, Othman SA, Chan CS, Ahmad R, Ali SN, Abd Rohim A. Assessing agreement in 
measurements of orthodontic study models: Digital caliper on plaster models vs 3-dimensional software 
on models scanned by structured-light scanner. Am J Orthod Dentofacial Orthop 2016;150:886-95.
10.  Steinhauser-Andresen S, Detterbeck A, Funk C, Krumm M, Kasperl S, Holst A, et al. Pilot study on 
accuracy and dimensional stability of impression materials using industrial CT technology. J Orofac 
Orthop 2011;72:111-24.
11.  Damstra J, Fourie Z, Huddleston Slater JJ, Ren Y. Accuracy of linear measurements from cone-beam 
computed tomography-derived surface models of different voxel sizes. Am J Orthod Dentofacial 
Orthop 2010;137:16 e1-6; discussion -7.
12.  White AJ, Fallis DW, Vandewalle KS. Analysis of intra-arch and interarch measurements from 
digital models with 2 impression materials and a modeling process based on cone-beam computed 
tomography. Am J Orthod Dentofacial Orthop 2010;137:456 e1-9; discussion -7.
13.  Wiranto MG, Engelbrecht WP, Nolthenius HET, van der Meer WJ, Rend Y. Validity, reliability, and 
reproducibility of linear measurements on digital models obtained from intraoral and cone-beam 
computed tomography scans of alginate impressions. Am J Orthod Dentofacial Orthop 2013;143:140-
7.
14.  Darroudi AM, Kuijpers-Jagtman AM, Ongkosuwito EM, Suttorp CM, Bronkhorst EM, Breuning KH. 
Accuracy of a computed tomography scanning procedure to manufacture digital models. Am J Orthod 
Dentofacial Orthop 2017;151:995-1003.
15.  Lee SM, Hou Y, Cho JH, Hwang HS. Dimensional accuracy of digital dental models from cone-beam 
computed tomography scans of alginate impressions according to time elapsed after the impressions. 
Am J Orthod Dentofacial Orthop 2016;149:287-94.
16.  Todd JA, Oesterle LJ, Newman SM, Shellhart WC. Dimensional changes of extended-pour alginate 
impression materials. Am J Orthod Dentofacial Orthop 2013;143:S55-63.
17.  Walker MP, Burckhard J, Mitts DA, Williams KB. Dimensional change over time of extended-storage 
alginate impression materials. Angle Orthod 2010;80:1110-5.
18.  Bootvong K, Liu Z, McGrath C, Hagg U, Wong RW, Bendeus M, et al. Virtual model analysis as an 
alternative approach to plaster model analysis: reliability and validity. Eur J Orthod 2010;32:589-95.
19.  Zilberman O, Huggare JA, Parikakis KA. Evaluation of the validity of tooth size and arch width 
measurements using conventional and three-dimensional virtual orthodontic models. Angle Orthod 
2003;73:301-6.
Leonardo_Camardella.indd   188 13-02-19   13:24
General discussion and conclusion
189
8
20.  de Waard O, Rangel FA, Fudalej PS, Bronkhorst EM, Kuijpers-Jagtman AM, Breuning KH. 
Reproducibility and accuracy of linear measurements on dental models derived from cone-beam 
computed tomography compared with digital dental casts. Am J Orthod Dentofacial Orthop 
2014;146:328-36.
21.  Camardella LT, Breuning H, Vilella OV. Are there differences between comparison methods used to 
evaluate the accuracy and reliability of digital models? Dental Press J Orthod 2017;22:65-74.
22.  Torassian G, Kau CH, English JD, Powers J, Bussa HI, Marie Salas-Lopez A, et al. Digital models vs 
plaster models using alginate and alginate substitute materials. Angle Orthod 2010;80:474-81.
23.  Camardella LT, Rothier EK, Vilella OV, Ongkosuwito EM, Breuning KH. Virtual setup: application in 
orthodontic practice. J Orofac Orthop 2016;77:409-19.
24.  Gracco A, Tracey S. The insignia system of customized orthodontics. J Clin Orthod 2011;45:442-51; 
quiz 67-8.
25.  Grauer D, Proffit WR. Accuracy in tooth positioning with a fully customized lingual orthodontic 
appliance. Am J Orthod Dentofacial Orthop 2011;140:433-43.
26.  Pauls A, Nienkemper M, Schwestka-Polly R, Wiechmann D. Therapeutic accuracy of the completely 
customized lingual appliance WIN : A retrospective cohort study. J Orofac Orthop 2017;78:52-61.
27.  Barreto MS, Faber J, Vogel CJ, Araujo TM. Reliability of digital orthodontic setups. Angle Orthod 
2016;86:255-9.
28.  Im J, Cha JY, Lee KJ, Yu HS, Hwang CJ. Comparison of virtual and manual tooth setups with digital 
and plaster models in extraction cases. Am J Orthod Dentofacial Orthop 2014;145:434-42.
29.  Larson BE, Vaubel CJ, Grunheid T. Effectiveness of computer-assisted orthodontic treatment 
technology to achieve predicted outcomes. Angle Orthod 2013;83:557-62.
30.  Muller-Hartwich R, Jost-Brinkmann PG, Schubert K. Precision of implementing virtual setups for 
orthodontic treatment using CAD/CAM-fabricated custom archwires. J Orofac Orthop 2016;77:1-8.
31.  Cha BK, Lee JY, Jost-Brinkmann PG, Yoshida N. Analysis of tooth movement in extraction cases using 
three-dimensional reverse engineering technology. Eur J Orthod 2007;29:325-31.
32.  Becker K, Wilmes B, Grandjean C, Vasudavan S, Drescher D. Skeletally anchored mesialization of 
molars using digitized casts and two surface-matching approaches : Analysis of treatment effects. J 
Orofac Orthop 2018;79:11-8.
33.  van der Linden FP. Changes in the position of posterior teeth in relation to ruga points. Am J Orthod 
1978;74:142-61.
34.  Chen G, Chen S, Zhang XY, Jiang RP, Liu Y, Shi FH, et al. Stable region for maxillary dental cast 
superimposition in adults, studied with the aid of stable miniscrews. Orthod Craniofac Res 2011;14:70-
9.
35.  Hoggan BR, Sadowsky C. The use of palatal rugae for the assessment of anteroposterior tooth 
movements. Am J Orthod Dentofacial Orthop 2001;119:482-8.
36.  Vasilakos G, Schilling R, Halazonetis D, Gkantidis N. Assessment of different techniques for 3D 
superimposition of serial digital maxillary dental casts on palatal structures. Sci Rep 2017;7:5838.
37.  Nguyen T, Cevidanes L, Franchi L, Ruellas A, Jackson T. Three-dimensional mandibular regional 
superimposition in growing patients. Am J Orthod Dentofacial Orthop 2018;153:747-54.
38.  An K, Jang I, Choi DS, Jost-Brinkmann PG, Cha BK. Identification of a stable reference area for 
superimposing mandibular digital models. J Orofac Orthop 2015;76:508-19.
39.  Camardella LT, Alencar DS, Breuning H, de Vasconcellos Vilella O. Effect of polyvinylsiloxane 
material and impression handling on the accuracy of digital models. Am J Orthod Dentofacial Orthop 
2016;149:634-44.
40.  Grunheid T, McCarthy SD, Larson BE. Clinical use of a direct chairside oral scanner: An assessment of 
accuracy, time, and patient acceptance. Am J Orthod Dentofacial Orthop 2014;146:673-82.
41.  Pham J, Lee RJ, Weissheimer A, Sameshima GT, Tong H. Inexpensive Orthodontic Treatment with a 
Prescription Custom-Base System. J Clin Orthod 2016;50:149-58.
42.  Duran GS, Dindaroglu F. Ethical considerations of 3-dimensional imaging. Am J Orthod Dentofacial 
Orthop 2017;151:7-8.
43.  Lee RJ, Pham J, Weissheimer A, Tong H. Generating an Ideal Virtual Setup with Three-Dimensional 
Crowns and Roots. J Clin Orthod 2015;49:696-700.
Leonardo_Camardella.indd   189 13-02-19   13:24
Chapter 8
190
44.  Ramalho DCV, Motta AFJ, Motta ATS, Mucha JN. A manutenção da forma  do arco inferior – diagrama 
individualizado da forma de arco Mucha (DIFAM-UFF). Orthod Sci Pract 2013;6:405-9.
45.  Nouri M, Asefi S, Akbarzadeh Baghban A, Ahmadvand M, Shamsa M. Objective vs subjective analyses 
of arch form and preformed archwire selection. Am J Orthod Dentofacial Orthop 2016;149:543-54.
46.  Nouri M, Farzan A, Baghban AR, Massudi R. Comparison of clinical bracket point registration with 
3D laser scanner and coordinate measuring machine. Dental Press J Orthod 2015;20:59-65.
47.  Olmez S, Dogan S. Comparison of the arch forms and dimensions in various malocclusions of the 
Turkish population. Open Journal of Stomatology 2011;1:158-64.
48.  Kim SY, Shin YS, Jung HD, Hwang CJ, Baik HS, Cha JY. Precision and trueness of dental models 
manufactured with different 3-dimensional printing techniques. Am J Orthod Dentofacial Orthop 
2018;153:144-53.
49.  Wan Hassan WN, Yusoff Y, Mardi NA. Comparison of reconstructed rapid prototyping models 
produced by 3-dimensional printing and conventional stone models with different degrees of 
crowding. Am J Orthod Dentofacial Orthop 2017;151:209-18.
50.  Kasparova M, Grafova L, Dvorak P, Dostalova T, Prochazka A, Eliasova H, et al. Possibility of 
reconstruction of dental plaster cast from 3D digital study models. Biomed Eng Online 2013;12:49.
51.  Keating AP, Knox J, Bibb R, Zhurov AI. A comparison of plaster, digital and reconstructed study model 
accuracy. J Orthod 2008;35:191-201; discussion 175.
52.  Hazeveld A, Huddleston Slater JJ, Ren Y. Accuracy and reproducibility of dental replica models 
reconstructed by different rapid prototyping techniques. Am J Orthod Dentofacial Orthop 
2014;145:108-15.
53.  Murugesan K, Anandapandian PA, Sharma SK, Vasantha Kumar M. Comparative evaluation of 
dimension and surface detail accuracy of models produced by three different rapid prototype 
techniques. J Indian Prosthodont Soc 2012;12:16-20.
54.  Choi JY, Choi JH, Kim NK, Kim Y, Lee JK, Kim MK, et al. Analysis of errors in medical rapid 
prototyping models. Int J Oral Maxillofac Surg 2002;31:23-32.
55.  Favero CS, English JD, Cozad BE, Wirthlin JO, Short MM, Kasper FK. Effect of print layer height and 
printer type on the accuracy of 3-dimensional printed orthodontic models. Am J Orthod Dentofacial 
Orthop 2017;152:557-65.
56.  Aras I, Pasaoglu A. Class II subdivision treatment with the Forsus Fatigue Resistant Device vs 
intermaxillary elastics. Angle Orthod 2017;87:371-6.
57.  Marzouk ES, Kassem HE. Long-term stability of soft tissue changes in anterior open bite adults treated 
with zygomatic miniplate-anchored maxillary posterior intrusion. Angle Orthod 2018;88:163-70.
58.  Yildirim K, Saglam-Aydinatay B. Comparative assessment of treatment efficacy and adverse effects 
during nonextraction orthodontic treatment of Class I malocclusion patients with direct and indirect 
bonding: A parallel randomized clinical trial. Am J Orthod Dentofacial Orthop 2018;154:26-34 e1.
59.  Shpack N, Geron S, Floris I, Davidovitch M, Brosh T, Vardimon AD. Bracket placement in lingual vs 
labial systems and direct vs indirect bonding. Angle Orthod 2007;77:509-17.
60.  Kim J, Chun YS, Kim M. Accuracy of bracket positions with a CAD/CAM indirect bonding system in 
posterior teeth with different cusp heights. Am J Orthod Dentofacial Orthop 2018;153:298-307.
61.  Penning EW, Peerlings RHJ, Govers JDM, Rischen RJ, Zinad K, Bronkhorst EM, et al. Orthodontics 
with Customized versus Noncustomized Appliances: A Randomized Controlled Clinical Trial. J Dent 
Res 2017;96:1498-504.
62.  Charalampakis O, Iliadi A, Ueno H, Oliver DR, Kim KB. Accuracy of clear aligners: A retrospective 
study of patients who needed refinement. Am J Orthod Dentofacial Orthop 2018;154:47-54.
63.  Stanley M, Paz AG, Miguel I, Coachman C. Fully digital workflow, integrating dental scan, smile 
design and CAD-CAM: case report. BMC Oral Health 2018;18:134.
64.  Plooij JM, Maal TJ, Haers P, Borstlap WA, Kuijpers-Jagtman AM, Berge SJ. Digital three-dimensional 
image fusion processes for planning and evaluating orthodontics and orthognathic surgery. A 
systematic review. Int J Oral Maxillofac Surg 2011;40:341-52.
65.  Rangel FA, Maal TJ, Berge SJ, Kuijpers-Jagtman AM. Integration of digital dental casts in cone-beam 
computed tomography scans. ISRN Dent 2012;2012:949086.
Leonardo_Camardella.indd   190 13-02-19   13:24
General discussion and conclusion
191
8
66.  Guo H, Zhou J, Bai Y, Li S. A three-dimensional setup model with dental roots. J Clin Orthod 
2011;45:209-16; quiz 35-6.
67.  Kim SH, Choi YS, Hwang EH, Chung KR, Kook YA, Nelson G. Surgical positioning of orthodontic 
mini-implants with guides fabricated on models replicated with cone-beam computed tomography. 
Am J Orthod Dentofacial Orthop 2007;131:S82-9.
68.  Hernandez-Alfaro F, Guijarro-Martinez R. New protocol for three-dimensional surgical planning 
and CAD/CAM splint generation in orthognathic surgery: an in vitro and in vivo study. Int J Oral 
Maxillofac Surg 2013;42:1547-56.
69.  Al Mortadi N, Jones Q, Eggbeer D, Lewis J, Williams RJ. Fabrication of a resin appliance with alloy 
components using digital technology without an analog impression. Am J Orthod Dentofacial Orthop 
2015;148:862-7.
70.  Park J, Choi DS, Jang I, Yook HT, Jost-Brinkmann PG, Cha BK. A novel method for volumetric 
assessment of tooth wear using three-dimensional reverse-engineering technology: a preliminary 
report. Angle Orthod 2014;84:687-92.
Leonardo_Camardella.indd   191 13-02-19   13:24
Leonardo_Camardella.indd   192 13-02-19   13:24
Chapter 9
Summary
Leonardo_Camardella.indd   193 13-02-19   13:24
Leonardo_Camardella.indd   194 13-02-19   13:24
Summary
195
9
SUMMARY
This PhD thesis is based on six studies that investigate main topics in the use 
of digital technology in orthodontics: the accuracy of digital model acquisition 
methods, the accuracy of digital planning tools with software programs and the 
accuracy of printed models using different 3D printing techniques.
Chapter 1 introduces the application of digital models in orthodontics, 
their different acquisition methods and their respective accuracy according to 
the literature. Indirect and direct scanning methods are described including their 
advantages and disadvantages. The use of digital planning in orthodontics with 
software programs is reported, emphasizing the virtual setup as an indispensable 
tool to simulate orthodontic treatments, and to provide more details for proper 
diagnosis and treatment planning of a malocclusion. The use of 3D printing to 
print dental models, indirect bonding trays or custom brackets is mentioned and 
the accuracy, advantages and disadvantages of the available 3D printing techniques 
are explained. 
In chapter 2 and 3 two different indirect acquisition methods for digital 
models were studied, respectively plaster model scanning and PVS impression 
scanning. In chapter 2, the accuracy and reliability of measurements performed 
using two different software programs on digital models acquired from two types 
of plaster model scanners are compared: a surface laser scanner and a computed 
tomography (CT) scanner. Two examiners used a sample of 30 pairs of models 
and performed measurements on plaster models with digital calipers. On digital 
models the measurements were done with Ortho Analyzer (OA) (3Shape) and 
Digimodel (DM) (OrthoProof) software programs, creating four different series 
of digital models: models from the laser scanner measured with OA (Laser OA), 
models from the laser scanner measured with DM (Laser DM), models from 
the CT scanner measured with OA (CT OA), and models from the CT scanner 
measured with DM (CT DM). Forty-two measurements, including tooth diameter, 
crown height, overjet, overbite, intercanine and intermolar distances and sagittal 
relationship, were obtained by examiner 1 and 25 selected parameters were 
measured by examiner 2 to evaluate the reliability of the measurement method. 
According to the paired t test, examiners 1 and 2 presented excellent interexaminer 
reliability, with only a few statistically significant differences in the parameters 
selected, which confirmed the good calibration process between the examiners. 
Compared with measurements on plaster models, Laser DM models presented 
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three clinically relevant differences: the sum of the 6 upper teeth, the upper 
intercanine distance, and the right sagittal relationship. For the measurements on 
Laser OA models, only two parameters presented clinically relevant differences. 
For the CT OA and CT DM models, only one parameter showed clinically relevant 
difference. The measurements of dental diameters and dental crown heights on 
digital models were reliable compared to the measurements on plaster models. 
The measurements of the upper intercanine distance and the overbite showed the 
largest differences. These differences could have been caused by misinterpretation 
of the cuspid landmark due to some attrition on the models and by the subjectivity 
of the different measurement methods (digital calipers vs. software programs). 
In the comparisons of only the digital models, the crown height, transversal, 
and intermaxillary parameters did not show any clinically relevant difference, 
suggesting that it is easier to mark these points on digital models than on plaster 
models. Only four parameters in the sum of the mesiodistal diameters presented 
clinically relevant differences for the four groups of digital models. Finally, it was 
concluded that digital models generated from plaster models by using laser and 
CT scanning and measured using two different software programs are accurate 
and the measurements are reliable. Therefore, both fabrication methods and 
software programs can be used interchangeably in orthodontics.
Chapter 3 explores another digital model acquisition method: PVS 
impression scanning. In this study the accuracy and reliability of measurements 
on digital models obtained by laser scanning impressions 5, 10, and 15 days after 
they were made, using two different soft putty PVS materials, are evaluated. Thirty 
volunteers were selected to make impressions of their dentitions with alginate to 
create a plaster model and with PVS impression material to create a digital model 
by laser scanning of the impression. According to the manufacturer’s guidelines, 
the first PVS impression was made with the heavy putty material and then a soft 
putty material was used to record the anatomic details. The regular-viscosity soft 
putty was used for the maxillary arch and the light-viscosity soft putty for the 
mandibular arch to allow evaluation of possible accuracy differences between 
the 2 materials. The 30 pairs of digital model were divided into 3 groups of 10 
pairs each, according to the time interval between taking the impressions and the 
scanning of the PVS impressions. T5 represented an interval of 5 days; T10 of 10 
days; and T15 of 15 days. Three examiners measured 34 distances (tooth diameter, 
transverse distances (maxillary and mandibular intercanine and intermolar 
distances), and 2 interarch relationship measurements (overbite, overjet) on the 
Leonardo_Camardella.indd   196 13-02-19   13:24
Summary
197
9
plaster models with digital calipers and repeated these measurements on the 
digital models using Ortho Analyzer software. All plaster models of the sample 
were also scanned with the same laser scanner to acquire the respective digital 
models and enable comparisons by model superimposition of the digital models 
made from PVS impression scanning. The intra-examiner errors had low values 
for the measurements on plaster and digital models. The reproducibility analysis 
showed high ICC values for both plaster model measurements (r = 0.908) and 
digital models (r = 0.857). According to the paired t test, statistically significant 
differences were found for some measurements. From the 34 variables evaluated 
by each examiner, for examiner one, only 2 clinically significant differences 
in measurements were found; for examiner two 16; and for examiner three, 
2 clinically significant different measurements. Therefore, examiners one and 
three had similar results, but for examiner two (an undergraduate student with 
less experience in measuring models) more clinically significant differences were 
found. On average, measurements on digital models with PVS impression scanning 
showed lower values compared with measurements on plaster models. The overbite 
was the only parameter with clinically significant differences for all examiners, 
with lower values for the digital models. Regarding the time interval between PVS 
impression taking and scanning, the paired t test showed no significant difference 
in the results among the 3 time periods (5, 10, and 15 days) compared with the 
plaster model measurements and by model superimposition. The type of soft putty 
had no influence on the accuracy of the digital models as the mean differences 
in maxillary arch superimpositions and mandibular arch superimpositions were 
not statistically significant. The outcome of this study demonstrates that the 
acquisition of digital models by laser scanning of PVS impressions scanned within 
15 days after impression taking resulted in an accurate digital model, except for 
the overbite parameter, regardless of the soft putty viscosity type.
The accuracy of digital tools of software programs such as virtual setup 
and customized digital arch forms are discussed respectively in chapters 4 and 
5. A virtual setup is a valuable tool for digital planning in orthodontics due to the 
possibility to simulate an orthodontic treatment. The evaluation of two different 
setups can be done by digital model superimposition using specific software 
programs. Therefore, in chapter 4 the influence of different superimposition 
methods to compare the accuracy and predictability of diagnostic conventional 
and virtual setups are evaluated. Ten finished cases were selected to make both a 
conventional and virtual setup. In these setups second molars were not moved to 
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allow using these molars as a stable reference for surface-based superimposition. 
The conventional and virtual setups were also compared to the digitized 
posttreatment models with two superimposition methods: the whole surface best 
fit (WSBF) method using only the outline of the dentition as a reference, and 
regional palatal rugae registration best fit (PRBF) method using the medial 2/3 
of the third rugae of the palate and a small area dorsal to this rugae as a stable 
reference. The PRBF superimposition method was used to compare the maxillary 
virtual setup and the actual posttreatment models. Anterior, intermediate and 
posterior regions of the dentition were compared. According to the results, 
conventional and virtual setups were different when superimposed. However, 
considering the three regions studied, most of the mean differences of RMS were 
lower than 1.0 mm. Regarding the predictability of conventional and virtual 
setups, superimposition of the posttreatment models and both setups, using 
WSBF method, presented comparable differences and these differences were not 
statistically significant, indicating a similarity of both setup methods using the 
WSBF superimposition technique. However, there were statistically significant 
differences between the maxillary posttreatment and virtual setup models using 
WSBF and PRBF superimposition methods. The PRBF method showed larger 
differences between the models than the WSBF method. From this study it can be 
concluded that there are differences between diagnostic conventional and virtual 
setups and between both setup methods and the final result after orthodontic 
treatment. In addition, the model superimposition method (WSBF or PRBF) can 
influence the outcome of the superimposition of the setup models. It is important to 
establish stable structures as a reference to evaluate the accuracy and predictability 
of setup models.
The arch form of the patient should be preserved or corrected according 
to the diagnosis and orthodontic treatment planning. A plaster model is the 
traditionally tool used to choose the best shape of the dental arch with an arch wire 
template. With the introduction of digital models, the accuracy of the arch form 
definition using software programs should be tested to evaluate if the arch form for 
orthodontic patients could be defined on plaster models with arch wire templates 
or on digital models with dedicated software with similar accuracy. In chapter 5 we 
compared the accuracy of preformed wire shape templates on plaster models and 
customized digital arch form diagrams on digital models. Twenty pairs of dental 
plaster models were randomly selected and were scanned to create the respective 
digital models. Three examiners defined the arch form on the mandibular arch of 
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these models by selecting the ideal preformed wire shape template on each plaster 
model or by making a customized digital arch form on the digital models using 
a digital arch form customization tool with the Ortho Analyzer software. Each 
digital arch form diagram created was individually exported as a report generated 
in PDF format by the software. The best-fit method, selecting the central anterior 
region as a reference, was used to superimpose both arch forms using Photoshop 
software. Differences between the superimposed arch forms were evaluated by 
splitting the diagrams into 6 segments (anterior, premolar and molar regions on 
the left and right sides). A difference was noticed in the magnification between the 
arch form size in the PDF report and the actual size of the models. On average, 
the arch sizes of the samples in the reports were 39.52% larger (range, 39.10% - 
40.22%) than the real dimensions of the digital models. This magnification was 
corrected in each digital arch form to standardize a real proportion of 1:1 to enable 
a comparison by superimposition onto the arch forms selected on the plaster 
models. Fortunately, this magnification problem in the report was corrected in an 
updated version of the Ortho Analyzer software. The thickness of the line in both 
diagrams was 0.50 mm and the largest differences between the two arch forms in 
each region were registered after superimposition of the arch forms. An expansion 
of the customized digital arch form compared with the wire shape diagram for 
the plaster model was recorded as a positive value, whereas a contraction of the 
customized digital arch form was recorded as a negative value. Differences of 0 
to 1.00 mm were considered clinically insignificant, and those larger than 1.00 
mm were considered clinically significant. The results of this study showed that 
the largest differences between the diagram superimpositions in the anterior and 
premolar regions were clinically insignificant. The largest differences in the right 
molar region found by all examiners were clinically significant. When the molar 
regions on the left and right sides were compared, the largest differences in the first 
molar region for both sides were not clinically significant. However, for the second 
molar region, clinical significant differences were found by all examiners on the 
right side and for the measurements performed by examiner 2 on the left side. In 
general, the customized digital arch forms when compared with the arch form 
diagrams selected on the plaster models were expanded. The results of the intraclass 
correlation coefficients of the measurements between examiners showed a weak 
correlation in the premolar region and moderate correlations in the anterior and 
molar regions. These differences can be caused by the subjective method of arch 
form definition for both plaster and digital models by each examiner, especially 
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in asymmetric arches in the premolar region. However, these differences will 
not have a clinical impact on the final arch form after orthodontic treatment. 
Moreover, the use of customized digital arch forms on the digital models enables 
creation of an arch form that fits more adequate in more areas of the dental arch, 
fitting especially better in the second molar area compared to the preformed wire 
shape diagrams selected on the plaster models. It can be concluded that the digital 
method of arch form definition can substitute or even improve the conventional 
arch form selection method used for plaster models.
The replacement of plaster models by printed dental models is a next step 
in the transition of traditional into digital orthodontics. Therefore, the accuracy 
of printed models made with different 3D printing techniques must be tested. 
Chapters 6 and 7 explore the accuracy of printed models in orthodontics. The 
study in chapter 6 compared measurements on plaster models made from alginate 
impressions and printed models made from digital datasets acquired by intraoral 
scanning. In this study, 28 volunteers were selected and alginate impressions and 
intraoral scans were made to make both plaster models and digital models of 
their dentition. The digital models were printed with a stereolithographic (SLA) 
3D printer with a horseshoe-shaped design, as commonly used for clear aligner 
fabrication. Two calibrated examiners measured distances with a digital caliper 
(mesiodistal diameter, crown height, upper and lower intercanine and intermolar 
distances, overjet, overbite and right and left interarch sagittal relationship) on 
the plaster and printed models. The intra-examiner error comparison showed 
an excellent accuracy of measurements for both examiners. The result of the 
paired t test showed no clinically relevant differences in the measurements of 
teeth dimensions (mesiodistal diameter and crown height) between the plaster 
and printed models. In addition, the interarch relationship (overjet, overbite, and 
sagittal relationship) did not reveal any clinically relevant difference. However, 
the transversal dimensions, especially the upper and lower intermolar distances, 
presented a clinically relevant reduction in the printed models. A possible 
explanation of these clinically relevant differences in transversal distances may be 
by model shrinkage during the post cure phase with ultraviolet light. This post cure 
procedure is needed for printed models with the SLA technique, as the model is 
not completely cured during printing. Therefore, it was concluded that the printed 
models with the SLA technique using a horseshoe-shaped base cannot replace 
conventional plaster models made from alginate impressions in orthodontics, due 
to their clinically relevant reduced transversal dimensions in the posterior region.
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Puzzled with the results of the study in chapter 6, we performed another 
study to evaluate the influence of different designs of model bases, using 2 types of 
3D printing techniques to print models from the intraoral scans of 10 volunteers 
(chapter 7). Three types of model base design (regular base, horseshoe-shaped base, 
and horseshoe-shaped base with a bar connecting the posterior region) were used 
and these digital models were printed with two different 3D printing techniques 
(SLA and Polyjet printers). The printed models were compared by measuring 
transversal parameters (distances between the canines, first and second premolars, 
and first and second molars) and by model superimposition, after laser scanning 
of all printed models. The printed models with the regular base were considered 
the “gold standard” for two comparisons methods: model superimposition and 
measuring. According to the transversal measurements results, the SLA models 
with horseshoe-shaped base presented progressive differences with smaller values 
from the anterior to the posterior regions of the arches, compared to the other base 
designs. Both bases, regular and horseshoe-shaped with bar, presented similar 
transversal distances with the SLA printing technique. Polyjet models had greater 
accuracy of the transversal parameters independent of the model base design used. 
According to the model superimposition, only the models with horseshoe-shaped 
base made with the SLA 3D printing method presented statistically significant 
differences compared to the other base designs. Printed models with the Polyjet 
technique with different base designs did not show any statistically significant 
difference when the model superimposition method was used. The disadvantage 
of the SLA process mentioned in the literature, is the necessity to post cure the 
printed parts with ultraviolet light to improve the stability of the printed object. 
Dental models printed with Polyjet printing technique are fully cured during the 
building process. It can be suggested that the post curing period could affect the 
accuracy of SLA models without a posterior connection bar or a regular base. The 
presence of a posterior connection bar in the horseshoe-shaped base models or 
the use of a regular base design avoided the transversal contraction as seen in the 
models with a horseshoe-shaped base when the SLA printing technique was used.
In chapter 8 the results of the six studies and the available results found in 
the literature are discussed. The future of orthodontics is also discussed. It can be 
assumed that the use of digital technology will have benefits for the orthodontists. 
Some digital tools that are available nowadays might lead to better results and will 
increase the predictability of orthodontic treatment. The possibility to combine 
digital data such as 3D photos, digital models and CBCTs are promising. A fully 
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digital workflow to be used during an orthodontic treatment is described in this 
thesis. Of course the application of digital technology in orthodontics needs time 
to be implemented in a clinical routine. A financial investment and an investment 
in learning time are indispensable for the implementation of intraoral scanners, 
software programs and 3D printers. A learning curve should also be expected 
for the orthodontists, orthodontic assistants and dental labs to benefit all the 
advantages of digital orthodontics. This thesis can be useful for the orthodontists 
who intend to embrace the digital technology in their clinical practice. In the 
future the use of digital technology in orthodontics, as presented in this thesis, 
will certainly increase.
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SAMENVATTING
Dit proefschrift is gebaseerd op zes onderzoeken die betrekking hebben op aspecten 
van het gebruik van digitale technologie in de orthodontie: de nauwkeurigheid 
van het verkrijgen van digitale modellen van het gebit, de nauwkeurigheid 
van het plannen van een orthodontische behandeling met verschillende 
softwareprogramma’s en de nauwkeurigheid van geprinte gebitsmodellen die 
worden geprint met een verschillend type printer. 
In Hoofdstuk 1 wordt het gebruik van digitale gebitsmodellen in de 
orthodontie, de verschillende manieren om ze te vervaardigen en de nauwkeurigheid 
van deze modellen ten opzichte van gipsmodellen gepresenteerd. In dit hoofdstuk 
worden de indirecte en directe methode voor het scannen van gebitsmodellen en 
het direct scannen van het gebit geïntroduceerd en voor- en nadelen van deze 
methodes worden besproken. Digitale planning met softwareprogramma’s met een 
focus op de virtuele setup wordt geïntroduceerd als hulpmiddel bij de diagnostiek 
van een orthodontische afwijking. Deze setup kan gebruikt worden om een 
gedetailleerd behandelplan te maken en een geplande behandeling te simuleren. 
Het gebruik van 3D printers om gebitsmodellen te printen en 3D geprinte mallen 
(bracket trays) om brackets te plaatsen wordt besproken en de nauwkeurigheid en 
de voor- en nadelen van de beschikbare 3D printtechnieken wordt aangegeven. 
In Hoofdstuk 2 en 3 worden de resultaten van het onderzoek naar twee 
verschillende methodes voor het vervaardigen van digitale gebitsafdrukken - het 
scannen van gebitsmodellen en het scannen van PVS-afdrukken -gepresenteerd. In 
hoofdstuk 2 wordt de nauwkeurigheid en betrouwbaarheid van metingen die met 
behulp van twee verschillende softwareprogramma’s werden gedaan op digitale 
modellen die verkregen zijn met behulp van twee types gebitsmodelscanners - een 
oppervlakte laserscanner en een CT-scanner - vergeleken. In dit onderzoek deden 
twee onderzoekers diverse metingen op een serie van 30 gebitsmodellen met behulp 
van een digitale schuifpasser. Op de digitale modellen van dezelfde proefpersonen 
werden metingen gedaan met behulp van twee verschillende softwareprogramma’s 
Ortho Analyzer™ van de firma 3Shape (de OA-modellen) en met behulp van het 
softwareprogramma Digimodel® van de firma OrthoProof (de DM-modellen). Bij 
dit onderzoek werd gebruik gemaakt van 4 verschillende digitale modellen: digitale 
modellen gemaakt met een laserscanner gemeten met OA (Laser-OA), modellen 
gemaakt met de laserscanner en gemeten met DM (Laser-DM), modellen gemaakt 
met de CT-scanner gemeten met OA (CT-OA) en modellen gemaakt met de 
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CT-scanner gemeten met DM (CT-DM). Twee en veertig afstanden waaronder 
de diameter van de gebitselementen, de kroonhoogte, de overjet, de overbite, de 
afstand tussen de cuspidaten en de afstand tussen de molaren en ook de sagittale 
relatie, werden gemeten door onderzoeker 1 en 25 geselecteerde afstanden werden 
gemeten door onderzoeker 2 om de betrouwbaarheid van de meetmethode vast 
te stellen. Beide onderzoekers waren in staat betrouwbaar te meten met slechts 
enkele statistisch relevante verschillen tussen de metingen. Voor het bepalen van 
de nauwkeurigheid werden metingen op gipsmodellen vergeleken met dezelfde 
metingen op Laser DM-modellen. Er werden 3 klinisch significante verschillen in 
de metingen gevonden, namelijk: de som van de 6 boventanden, de afstand tussen 
de cuspidaten en de sagittale relatie. Voor de metingen op Laser OA-modellen 
werden slechts voor twee afstanden klinisch relevante verschillen gevonden. Voor 
de CT-OA en de CT-DM-modellen, werd voor 1 meting een klinisch significant 
verschil gemeten. De metingen van de kroondiameter en de kroonhoogte waren 
voor de gipsmodellen en voor de digitale modellen betrouwbaar. De grootste 
verschillen tussen de metingen werden gevonden in de afstand tussen de 
bovencuspidaten op gipsmodellen. Deze verschillen kunnen veroorzaakt worden 
door een verschil in interpretatie van het meetpunt op cuspidaat. Slijtage van de 
cuspidaten en de subjectieve manier waarop het meetpunt gekozen moet worden 
alsmede verschillen tussen het meten met de digitale schuifmaat dan wel met 
behulp van een softwareprogramma kunnen hiervoor een verklaring zijn. Uit 
vergelijking van de metingen van de kroonhoogte, de transversale afstanden en de 
intermaxillaire relatie (de occlusie) op gipsmodellen en digitale modellen blijkt dat 
er voor digitale modellen geen klinisch relevante verschillen tussen metingen zijn. 
Daaruit kan worden geconcludeerd dat het wellicht gemakkelijker is om de juiste 
meetpunten op digitale modellen te identificeren dan op gipsmodellen. Slechts 
bij 4 metingen van de mesiodistale afmetingen van gebitselementen werden 
klinisch significante verschillen gevonden voor de 4 groepen digitale modellen. 
Uit dit onderzoek kan worden geconcludeerd dat metingen op digitale modellen 
verkregen door het scannen van gebitsmodellen met een CT-scanner, gemeten met 
2 softwareprogramma’s, nauwkeurig en betrouwbaar zijn. Samenvattend kan er uit 
de resultaten van dit onderzoek geconcludeerd worden dat beide methoden voor 
het verkrijgen van digitale modellen en beide softwareprogramma’s om afstanden 
op de digitale modellen te meten gebruikt kunnen worden in de orthodontie. 
In Hoofdstuk 3 wordt de nauwkeurigheid en betrouwbaarheid van metingen 
op digitale gebitsmodellen verkregen door het scannen van gebitsafdrukken 
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gemaakt met twee verschillende soorten PVS-afdrukmateriaal, die 5, 10 en 
15 dagen na het maken van de afdruk met een laserscanner werden gescand, 
onderzocht. Bij dertig vrijwilligers werden gebitsafdrukken gemaakt met alginaat 
waarbij de instructies van de fabrikant werden gevolgd, voor het vervaardigen 
van gipsmodellen. Bij dezelfde vrijwilligers werden op dezelfde dag afdrukken 
gemaakt met PVS-afdrukmateriaal. De eerste PVS-afdruk diende als basis en werd 
gemaakt met een stevig afdrukmateriaal. Voor het maken van de tweede afdruk 
(de precisieafdruk), werd in de maxilla regular viscosity PVS-materiaal gebruikt 
en in de mandibula soft putty PVS-materiaal, waarbij de gebruiksaanwijzing van 
de fabrikant werd gevolgd. De afdrukken werden vervolgens na 5, 10 en 15 dagen 
gescand met een laserscanner. De verkregen 30 digitale gebitsmodellen werden 
vervolgens verdeeld in 3 groepen van 10, rekening houdend met het tijdsverloop 
tussen het nemen van de afdruk en het scannen ervan. Drie onderzoekers hebben 
vervolgens 34 verschillende afstanden op de gipsmodellen met een digitale passer 
en op de digitale modellen met Ortho Analyzer™ software gemeten. Enkele van 
deze metingen waren: de diameter van de gebitselementen, de transversale afstand 
tussen de cuspidaten en molaren in de boven- en onderkaak en de overbite en 
overjet. De gipsmodellen werden ook gescand met dezelfde laserscanner waarmee 
de afdrukken werden gescand, om het superponeren van digitale modellen mogelijk 
te maken. De intra-examiner error was klein voor zowel de metingen op gips als op 
de digitale modellen. De ICC-waardes voor zowel de metingen op gipsmodellen 
(r = 0.908) en de metingen op digitale modellen (r = 0.857) geven aan dat de 
metingen reproduceerbaar zijn. De gepaarde t test laat zien dat er tussen enkele 
metingen statistisch significante verschillen waren. Van de 34 metingen blijkt dat 
voor onderzoeker 1 twee metingen, voor onderzoeker 2 zestien metingen en voor 
onderzoeker 3 drie metingen klinisch significante verschillen vertoonden. Hieruit 
kan worden opgemaakt dat onderzoekers 1 en 3 vergelijkbare resultaten hadden 
maar voor de metingen van onderzoeker 2 (een student met weinig ervaring in het 
meten op gebitsmodellen), werden meer klinisch significante verschillen tussen de 
metingen gevonden. In het algemeen werden er voor de metingen op de digitale 
modellen vervaardigd met behulp van het PVS-afdrukmateriaal, lagere waardes 
gevonden ten opzichte van de metingen op gipsmodellen. Alleen voor de overbite 
werden klinisch significante verschillende (lagere) waardes gemeten op de digitale 
modellen voor alle onderzoekers. Uit dit onderzoek blijkt, dat het tijdsverloop 
tussen het nemen van de afdrukken met PVS-materiaal en het scannen 5, 10, en 
15 dagen na het nemen van de afdrukken, geen invloed had op de nauwkeurigheid 
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van de digitale modellen. Dit werd zowel door het meten van afstanden op beide 
modellen als door het superponeren van de digitale modellen vastgesteld. Ook 
kan worden geconcludeerd dat de nauwkeurigheid van het digitale model blijkt 
onafhankelijk is van de viscositeit van het gebruikte afdrukmateriaal voor de 
precisieafdruk. Beide precisie PVS-materialen kunnen gebruikt worden als de 
afdruk binnen 15 dagen wordt gescand. 
In Hoofdstuk 4 en 5 wordt het gebruik van een orthodontisch 
softwareprogramma om een virtuele setup te maken en om individuele digitaal 
ontworpen orthodontische draden te ontwerpen besproken en de nauwkeurigheid 
daarvan onderzocht. Omdat met behulp van een virtuele setup een orthodontische 
behandeling gesimuleerd kan worden, is deze setup een waardevol hulpmiddel 
in de orthodontie. Verschillen tussen twee setups kunnen met behulp van 
superpositie van de geplande digitale tandbogen met specifieke software worden 
geëvalueerd. In hoofdstuk 4 wordt onderzocht wat de invloed is van verschillende 
superpositiemethodes van digitale gebitsmodellen op de nauwkeurigheid en 
voorspelbaarheid van een conventionele setup gemaakt in gips en was, ten 
opzichte van een digitale setup. Voor dit onderzoek werden 10 gipsmodellen van 
afbehandelde orthodontische patiënten geselecteerd voor het maken van een 
conventionele en een digitale setup. Bij het maken van de setups, werden de tweede 
molaren niet verplaatst, ten einde een stabiele referentie voor het superponeren 
van de digitale modellen te verkrijgen. De gescande conventionele setup, de digitale 
setup en het gescande eindmodel van gips werden met behulp van twee methodes 
vergeleken: superpositie van het gehele buccale oppervlak van de dentitie met de 
whole surface best fit methode (de WSBF-methode) en de methode waarbij de regio 
dorsaal van het middelste 2/3 deel van de derde rugae op het palatum als stabiel 
referentiepunt voor superpositie fungeerde (de regional palatal rugae registration 
best fit methode (de RPBF-methode) genoemd. Met behulp van de superposities 
werden de conventionele en virtuele setup van de maxilla vergeleken met het 
gescande gipsmodel van de patiënt na de behandeling. Voor deze vergelijking werd 
de superpositie in segmenten verdeeld: het voorste gedeelte, het middengedeelte 
en het achterste gedeelte van de tandboog. Uit de superposities blijkt, dat de 
conventionele en de digitale setup significant verschillen. Als de resultaten van 
de superpositie in de 3 regio’s afzonderlijk worden bekeken, blijkt dat deze 
verschillen in het algemeen kleiner zijn dan 1 mm. Hieruit wordt geconcludeerd 
dat voor conventionele en virtuele setups met de superpositiemethode waarbij 
de buitenzijde van de gebitselementen wordt gebruikt voor het superponeren 
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(de WSBF-methode) vergelijkbare verschillen worden gevonden. De gevonden 
verschillen zijn niet statistisch significant. Hieruit wordt geconcludeerd dat er, 
indien de WSFB-methode wordt gebruikt voor het superponeren, geen klinisch 
significant verschil (> 1.0 mm), bestaat tussen de conventionele en de virtuele setup. 
Er werden in het onderzoek echter wel statistische verschillen werden gevonden 
tussen setups en het gescande eindmodel voor beide superpositiemethoden. 
De verschillen waren groter indien de superpositiemethode van een regio 
op het palatum (de RPBF-methode) werd gebruikt. Uit deze superpositie kan 
geconcludeerd worden dat er ook verschillen bestaan tussen de conventionele en 
de virtuele setup en tussen bede setups en het gescande model na de orthodontische 
behandeling. Ook kan worden geconcludeerd dat de methode van superponeren 
(de WSBF- dan wel de RPBF-methode) van invloed is op de uitkomst van de 
superpositie. Het is daarom noodzakelijk om stabiele structuren te vinden voor de 
superpositie om de nauwkeurigheid en voorspelbaarheid van setups te verbeteren. 
De vorm van de tandboog moet tijdens de orthodontische behandeling 
gehandhaafd of gecorrigeerd worden, afhankelijk van de diagnose en het 
behandelplan. Traditioneel wordt een gipsmodel gebruikt om hierop met behulp 
van een voorbeeld van een mal - arch wire template -, de gewenste vorm van de 
orthodontische draden uit te kiezen. Met behulp van de orthodontische software 
kan de gewenste vorm van de tandboog ontworpen worden. In Hoofdstuk 5 werd 
daarom onderzocht of er verschillen zijn in nauwkeurigheid tussen de geselecteerde 
boogvormen met behulp van gipsmodellen en wire templates en de digitaal 
ontworpen boogvormen op digitale modellen met behulp van orthodontische 
software. Hiervoor werden 20 gebitsmodellen at random geselecteerd en gescand. 
Drie onderzoekers selecteerden de gewenste boogvorm met behulp van de 
gipsmodellen en de wire templates voor de mandibula. De onderzoekers gebruikten 
Ortho Analyzer™ software om een individuele boogvorm te ontwerpen met behulp 
van een speciaal hiervoor ontwikkelde applicatie op de digitale modellen. Elke 
boogvorm die digitaal ontworpen was werd vervolgens door de software opgeslagen 
als een pdf-file en geëxporteerd naar Photoshop© software. In de Photoshop© 
software werden beide geselecteerde boogvormen per patiënt gesuperponeerd met 
het middelste deel van de boog als referentie. Verschillen in de gesuperponeerde 
boogvormen werden geëvalueerd voor 6 segmenten van de boog: de regio van de 
incisieven, de regio van de premolaren, de regio van de molaren aan de linker- 
en rechterzijde. Bij het beoordelen van de verschillen, werd geconstateerd dat de 
digitale bogen groter waren dan de werkelijke tandbooggrootte. De bogen waren 
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op de pdf-file uit de onderzoeksgroep gemiddeld 39.52% groter (met een range 
van 39.10% - 40.22%) dan de werkelijke grootte op de digitale modellen. Deze 
vergroting werd gecorrigeerd voor elke boog tot een 1:1 ratio om vergelijking van 
de boogvormen die werden geselecteerd op de gipsmodellen door middel van 
superpositie mogelijk te maken. In een update van de Ortho Analyzer™ software is 
dit probleem naderhand gecorrigeerd. De verschillen tussen de twee boogvormen 
werden geregistreerd door middel van superpositie van de bogen. Een expansie 
van de digitaal ontworpen boogvorm ten opzichte van de boogvorm op de 
gipsmodellen werd vastgelegd als een positieve afwijking, terwijl een compressie 
van de boogvorm werd vastgelegd als een negatieve waarde. Verschillen groter 
dan 1.00 mm werden als klinisch significante verschillen geregistreerd. Uit dit 
onderzoek bleek, dat de verschillen tussen de superposities van de bogen in de 
regio van de incisieven en de premolaren niet significant waren, de grootste 
verschillen in de rechter molaarregio waren wel klinisch significant. Uit de 
vergelijking van de superposities in de linker molaarregio’s, blijkt dat dit verschil 
alleen voor onderzoeker 2 klinisch significant was. Uit dit onderzoek blijkt dat de 
bogen die digitaal ontworpen werden meer expansie vertoonden ten opzichte van 
de andere “standaard” bogen. Deze verschillen kunnen veroorzaakt zijn door de 
subjectieve methode waarmee de boogvorm gekozen wordt op de gipsmodellen 
of ontworpen wordt op de digitale modellen, hetgeen wellicht vooral tot uiting 
komt in het geval van asymmetrische tandbogen in de regio van de premolaren en 
de molaren. Het is niet te verwachten dat de verschillen die zijn vastgesteld, grote 
verschillen in de uiteindelijke tandboogvorm na de orthodontische behandeling 
zullen veroorzaken. Een voordeel van de digitaal ontworpen tandboogvormen is, 
dat deze boogvorm beter kan aansluiten bij de individuele tandboogvorm. Vooral 
in de tweede molaarregio zal een individueel ontworpen orthodontische draad 
beter aansluiten dan een boog geselecteerd met behulp van een wire template. 
Uit dit onderzoek kan worden geconcludeerd dat het ontwerpen van individuele 
orthodontische draden met speciale software op digitale gebitsmodellen, gebruikt 
kan worden als vervanging van de conventionele manier om orthodontische 
draden te selecteren en wellicht kan met deze individuele methode zelfs een beter 
passende orthodontische draad gemaakt worden. Omdat er naast een digitaal 
gebitsmodel soms ook een fysiek gebitsmodel gewenst is bestaat er een behoefte 
aan 3D geprinte modellen. 
Het onderzoek in Hoofdstuk 6 beschrijft de uitkomst van een onderzoek 
waarbij metingen zijn gedaan op gipsmodellen gemaakt met behulp van 
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alginaatafdrukken en op geprinte modellen die vervaardigd zijn via een intra orale 
scanner. Deze modellen werden geprint met behulp van twee types 3D printers. 
Bij 28 vrijwilligers werden op dezelfde dag alginaatafdrukken gemaakt en een intra 
orale scan van het gebit. Vervolgens werden digitale modellen zoals deze gebruikt 
worden voor het maken van aligners met een hoefijzervormige basis geprint met 
een stereolithografische (SLA) 3D printer. Twee gekalibreerde onderzoekers 
hebben vervolgens een aantal afstanden op zowel de gipsmodellen als op de 
geprinte modellen gemeten (de mesiodistale diameter, de kroonhoogte, de afstand 
tussen de cuspidaten in de boven- en onderkaak, de afstand tussen de molaren, 
de overjet, overbite en de sagittale relatie aan zowel de rechter- als linkerzijde). De 
betrouwbaarheid van de metingen tussen de twee onderzoekers was hoog. Uit de 
metingen van transversale afstanden, met name de afstanden tussen de molaren in 
de boven- en onderkaak blijkt dat er sprake is van een klinisch relevante versmalling 
in de geprinte modellen. Een mogelijke verklaring hiervoor is het optreden van 
krimp tijdens het post cure proces; dit is het belichten van de geprinte modellen 
met ultraviolet licht, na het printen om het printmateriaal volledig uit te harden. 
Deze post cure procedure is alleen nodig voor gebitsmodellen die worden geprint 
met SLA-printers, omdat de geprinte modellen niet volledig zijn uitgehard na het 
printen. Uit dit onderzoek blijkt, dat geprinte modellen met een hoefijzervormige 
basis niet geschikt zijn om gipsmodellen te vervangen.
Geconfronteerd met deze resultaten werd een onderzoek opgezet om een 
oplossing te vinden voor de onnauwkeurigheid van de geprinte modellen met de 
SLA-printer. In Hoofdstuk 7 worden de resultaten van het onderzoek gepresenteerd 
naar de nauwkeurigheid van geprinte digitale modellen met verschillende 3D 
printers waarbij de modellen met een verschillende basis werden geprint. Voor 
dit onderzoek werden eerst digitale modellen gemaakt van de intraorale scans van 
10 vrijwilligers. Op deze digitale modellen werd een verschillend type basis voor 
de modellen ontworpen: een regular base volgens de normen van de American 
Association of Orthodontists, een horse shoe-shaped base en een horse shoe-shaped 
base met een verbindingsstaaf in de molaarregio. Deze digitale modellen werden 
vervolgens geprint met een SLA-printer en een Polyjet-printer. Op de geprinte 
modellen werden metingen gedaan van transversale afstanden ter hoogte van de 
hoektanden, de tweede premolaren en de eerste en tweede molaren. Daarnaast 
werden de geprinte modellen gescand met een laserscanner en met behulp van 
een softwareprogramma gesuperponeerd. Voor het vergelijken van de metingen 
en superposities worden de waardes van de modellen met een regular base 
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beschouwd als de gouden standaard. De resultaten van de metingen op de geprinte 
modellen met de SLA-printer en een horse shoe basis, laten zien dat er sprake 
is van een progressieve versmalling van de transversale afstanden in dorsale 
richting beginnend in de frontale regio vergeleken met de modellen geprint 
met de SLA-printer met een ander ontwerp van de modelbasis. De metingen 
op de modellen met een verbindingsstaaf tussen de molaren en met een regular 
base vertoonden geen significante verschillen. De metingen van de transversale 
afstanden op de gebitsmodellen geprint met een Polyjet 3D printer waren alle 
accuraat en de nauwkeurigheid was onafhankelijk van het type basis dat voor de 
geprinte modellen werd gebruikt. Vergelijking van de modellen door middel van 
superpositie toonde aan dat alleen bij de modellen met een hoefijzervormige basis 
geprint met een SLA-printer, statistisch significante verschillen konden worden 
aangetoond in vergelijking met de andere modellen. Voor de modellen geprint 
met de Polyjet techniek met een verschillend ontwerp van de basis werden geen 
statistisch significante verschillen gevonden in de metingen en in de superpositie. 
Het nadeel van de SLA-printtechniek is de noodzaak om de geprinte modellen 
met behulp van ultraviolet licht een post cure behandeling te geven om het 
printmateriaal volledig uit te harden. Dit proces zou de oorzaak kunnen zijn van 
de versmalling van de geprinte modellen met een hoefijzervormige basis zonder 
een verbinding in de molaarregio. Het gebruik van een geprinte verbinding in 
de molaarregio dan wel het toepassen van een volledig geprinte basis blijkt de 
versmalling in de transversale afmetingen bij het printen met de SLA-techniek 
te voorkomen. Gebitsmodellen geprint met behulp van de Polyjet print techniek 
zijn na het printen volledig uitgehard. Alle geprinte modellen met de Polyjet print 
techniek zijn nauwkeurig en de nauwkeurigheid is dus niet afhankelijk van het 
design van de basis van de geprinte modellen. 
In Hoofdstuk 8 worden de resultaten van de zes uitgevoerde studies 
vergeleken met de resultaten in de literatuur. Ook wordt over de toekomst van 
de orthodontie gefilosofeerd. Het is te verwachten dat het gebruik van de digitale 
technologie voordelen heeft voor de orthodontist. Het zou kunnen resulteren in 
een beter resultaat en voorspelbaarheid van een orthodontische behandeling. De 
mogelijkheid om digitale data zoals 3D foto’s, digitale modellen en CBCT opnames 
te combineren en toe te passen in de orthodontische diagnostiek en behandeling 
zijn veelbelovend. In dit proefschrift wordt een volledig digitale “workflow” die 
kan worden gebruikt gedurende een orthodontische behandeling beschreven. Het 
implementeren van routinematig gebruik van digitale technologie in de klinische 
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orthodontie kost vanzelfsprekend tijd. Er is een investering nodig in de aanschaf 
van nieuwe apparatuur en er moet ook tijd geïnvesteerd worden om te leren werken 
met intraorale scanners, softwareprogramma’s en 3D printers. De orthodontist, de 
orthodontisch assistente en de tandheelkundige laboratoria zullen een learning 
curve moeten doorlopen om optimaal gebruik te kunnen maken van de voordelen 
van de digitale technologie. Dit proefschrift kan een hulpmiddel zijn voor de 
orthodontist die van plan is de mogelijkheden die digitale technologie biedt toe te 
passen in de dagelijkse orthodontische praktijk.
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RESUMO
Esta tese de doutorado é baseada em seis estudos que investigam os principais 
tópicos da utilização da tecnologia digital em ortodontia: a acurácia dos métodos 
de aquisição de modelos digitais, a acurácia das ferramentas de planejamento 
digital com programas específicos e a acurácia dos modelos impressos usando 
diferentes técnicas de prototipagem.
O capítulo 1 introduz a aplicação dos modelos digitais em ortodontia, 
seus diferentes métodos de aquisição e sua respectiva acurácia de acordo com a 
literatura. Métodos indiretos e diretos de escaneamento são descritos, incluindo 
suas vantagens e desvantagens. O uso de planejamento digital em ortodontia 
utilizando programas específicos é relatado, enfatizando o set up virtual como 
uma ferramenta indispensável para simular tratamentos ortodônticos, e para 
fornecer mais detalhes para o diagnóstico e planejamento para a correção de 
uma má oclusão. O uso da impressão 3D para imprimir modelos odontológicos, 
guias de colagem indireta ou bráquetes customizados é mencionado e a acurácia, 
vantagens e desvantagens das técnicas de prototipagem disponíveis são explicadas.
Nos capítulos 2 e 3 foram estudados dois diferentes métodos indiretos 
de aquisição de modelos digitais, respectivamente escaneamento de modelo 
de gesso e escaneamento de moldagens em silicone de adição. No capítulo 
2, a acurácia e confiabilidade das medições realizadas usando dois diferentes 
programas específicos de manipulação de modelos digitais, adquiridos por dois 
tipos de scanners de modelo de gesso foram comparadas: um scanner a laser e um 
scanner por tomografia computadorizada (TC). Dois examinadores utilizaram 
uma amostra de 30 pares de modelos e realizaram medições em modelos 
de gesso com paquímetros digitais. Nos modelos digitais as medições foram 
realizadas com os programas Ortho Analyzer (OA) (3Shape) e Digimodel (DM) 
(OrthoProof), produzindo assim quatro séries diferentes de modelos digitais: 
modelos pelo scanner a laser medidos com OA (Laser OA), modelos pelo scanner 
a laser medido com DM (Laser DM), modelos pelo scanner de TC medido 
com OA (TC OA) e modelos pelo scanner de TC medido com DM (TC DM). 
Quarenta e duas medições, incluindo diâmetro dentário, altura da coroa, overjet, 
overbite, distâncias intercaninos e intermolares e relação sagital interarcos, foram 
obtidas pelo examinador 1 e 25 parâmetros selecionados foram medidos pelo 
examinador 2 para avaliar a confiabilidade do método de medição. De acordo com 
o teste t pareado, os examinadores 1 e 2 apresentaram excelente confiabilidade 
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interexaminadores, com apenas algumas diferenças estatisticamente significantes 
nos parâmetros selecionados, o que confirmou a boa técnica de calibração entre 
os examinadores. Comparado com as medições em modelos de gesso, os modelos 
Laser DM apresentaram três diferenças clinicamente relevantes: a soma do 
diâmetro dos 6 dentes superiores, a distância intercaninos superior e a relação 
sagital direita. Para as medições em modelos Laser OA, apenas dois parâmetros 
apresentaram diferenças clinicamente relevantes. Para os modelos TC OA e TC 
DM, apenas um parâmetro apresentou diferença clinicamente relevante. As 
medidas de diâmetros dentários e alturas de coroas dentárias em modelos digitais 
foram confiáveis  em comparação com as medidas em modelos de gesso. As 
medidas da distância intercaninos superior e da sobremordida apresentaram as 
maiores diferenças. Essas diferenças podem ter sido causadas pela má interpretação 
dos pontos de referência na ponta das cúspides em virtude da presença de 
desgastes nos modelos, e pela subjetividade dos diferentes métodos de medição 
(paquímetros digitais e programas de computador específicos). Nas comparações 
somente dos modelos digitais, a altura da coroa e os parâmetros transversais e 
intermaxilares não apresentaram diferença clinicamente relevante, sugerindo que 
é mais fácil marcar esses pontos em modelos digitais do que nos modelos de gesso. 
Apenas quatro parâmetros na soma dos diâmetros mesiodistais apresentaram 
diferenças clinicamente relevantes para os quatro grupos de modelos digitais. Por 
fim, concluiu-se que os modelos digitais gerados a partir de modelos de gesso, 
utilizando o escaneamento a laser e a TC, medidos por dois programas específicos 
diferentes, são precisos e as medidas obtidas são confiáveis. Portanto, ambos os 
métodos de escaneamento e os programas utilizados podem ser empregados  de 
forma intercambiável em ortodontia.
O capítulo 3 explora outro método de aquisição de modelo digital: o 
escaneamento de moldagens em silicone de adição. Neste estudo, a acurácia 
e a confiabilidade das medições em modelos digitais obtidas por meio do 
escaneamento a laser de moldagens 5, 10 e 15 dias após serem realizadas, usando 
duas bases leves diferentes de silicone de adição, são avaliadas. Trinta voluntários 
foram selecionados para a moldagem de suas dentições com alginato para criar 
um modelo de gesso e com silicone de adição para criar um modelo digital por 
escaneamento a laser da moldagem. Seguindo as diretrizes do fabricante, a primeira 
impressão de silicone de adição foi realizada com a base pesada e, em seguida, uma 
base leve foi usada para registrar os detalhes anatômicos. A base leve de viscosidade 
regular foi usada para o arco superior e a base leve de viscosidade leve para o arco 
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inferior, para permitir a avaliação de possíveis diferenças de acurácia entre os dois 
materiais. Os 30 pares de modelos digitais foram divididos em 3 grupos de 10 pares 
cada, de acordo com o intervalo de tempo entre as moldagens e o escaneamento 
das impressões de silicone de adição. T5 representou um intervalo de 5 dias; 
T10 de 10 dias; e T15 de 15 dias. Três examinadores mediram 34 parâmetros 
(diâmetro do dente, distâncias transversais (distâncias intercaninos e intermolares 
superior e inferior) e duas medidas de relação interarcos (overbite, overjet) nos 
modelos de gesso com paquímetros digitais, e repetiram as mesmas medidas nos 
modelos digitais usando o software Ortho Analyzer. Todos os modelos de gesso da 
amostra também foram escaneados com o mesmo scanner a laser para adquirir os 
respectivos modelos digitais e possibilitar comparações por superposição com os 
modelos digitais por escaneamento da moldagem em silicone de adição. Os erros 
intraexaminador apresentaram valores baixos para as medidas nos modelos de 
gesso e digitais. A análise da reprodutibilidade demonstrou valores altos de CCI 
para as medidas do modelo de gesso (r = 0,908) e modelos digitais (r = 0,857), e, 
de acordo com o teste t pareado, foram encontradas diferenças estatisticamente 
significantes para algumas medidas. Dos 34 parâmetros avaliados por cada 
examinador, para o examinador um, apenas 2 diferenças clinicamente significantes 
foram encontradas; para o examinador dois 16; e para o examinador três, duas 
medidas foram diferentes clinicamente significantes. Portanto, os examinadores 
um e três obtiveram resultados semelhantes, mas para o examinador dois (um 
estudante de graduação com menos experiência na medição de modelos) foram 
encontradas mais diferenças clinicamente significantes. Em média, as medições 
em modelos digitais por escaneamento de moldagem em silicone de adição 
apresentaram valores menores em comparação às medições nos modelos de gesso. 
O overbite foi o único parâmetro com diferenças clinicamente significantes para 
todos os examinadores, com valores menores para os modelos digitais. Em relação 
ao intervalo de tempo entre a tomada de moldagem em silicone de adição e o 
escaneamento da mesma, o teste t pareado não demonstrou diferença significativa 
nos resultados entre os 3 períodos de tempo (5, 10 e 15 dias) em comparação com 
as medidas do modelo de gesso e sobreposição do modelo. O tipo de base leve não 
influenciou a acurácia dos modelos digitais, uma vez que as diferenças médias 
nas superposições dos arcos superiores e nas superposições dos arcos inferiores 
não foram estatisticamente significantes. O resultado deste estudo demonstra 
que a aquisição de modelos digitais por escaneamento a laser de impressões em 
silicone de adição em até 15 dias após a moldagem resultou em um modelo digital 
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preciso, exceto para o parâmetro sobremordida, independentemente do tipo de 
viscosidade da base leve.
A acurácia de ferramentas digitais de programas específicos de computador, 
como a confecção de set up virtuais e de formas de arco digitais customizadas, são 
discutidas respectivamente nos capítulos 4 e 5. O set up virtual é uma ferramenta 
importante para o planejamento digital em ortodontia pela possibilidade de 
simular um tratamento ortodôntico. A avaliação de dois set ups diferentes 
pode ser determinada pela superposição de modelos digitais usando programas 
específicos. Portanto, no capítulo 4, avaliou-se a influência de diferentes métodos 
de sobreposição de modelos para comparar a acurácia e a previsibilidade de set 
ups diagnósticos convencionais e virtuais. Dez casos clínicos finalizados foram 
selecionados para confecção de set ups convencionais e virtuais. Nos set ups desta 
amostra, os segundos molares não foram movimentados para permitir a utilização 
desses molares como uma referência estável para a superposição dos modelos. Os 
set ups convencional e virtual também foram comparados com os modelos pós-
tratamento escaneados por dois métodos de superposição: o método de melhor 
ajuste de superfície (WSBF) usando apenas as estruturas dentárias como referência, 
e o método de superposição na rugosidade palatina (PRBF) onde os 2/3 mediais 
da terceira ruga palatina e uma pequena área dorsal a ela foi considerada como 
uma referência estável para a superposição. O método de superposição PRBF 
foi usado para comparar os set ups virtuais do arco superior com os respectivos 
modelos pós-tratamento ortodôntico. As regiões anterior, intermediária e 
posterior da dentição foram comparadas. De acordo com os resultados, os set 
ups convencionais e virtuais foram diferentes quando sobrepostos. No entanto, 
considerando as três regiões estudadas, a maioria das diferenças médias do RMS 
foram inferiores a 1,0 mm. Em relação à previsibilidade dos set ups convencionais e 
virtuais, a sobreposição dos modelos pós-tratamento e ambos os set ups, utilizando 
o método WSBF, apresentou diferenças semelhantes  e essas diferenças não foram 
estatisticamente significantes, indicando uma similaridade dos dois tipos de 
setup usando a técnica de sobreposição WSBF. No entanto, houve diferenças 
estatisticamente significantes entre os modelos pós-tratamento do arco superior 
e dos set ups virtuais utilizando os métodos de superposição WSBF e PRBF. O 
método PRBF apresentou maiores diferenças entre os modelos do que o método 
WSBF. A partir deste estudo pode-se concluir que existem diferenças entre os set 
ups diagnósticos convencional e virtual e entre os dois tipos de setup e o resultado 
final após o tratamento ortodôntico. Além disso, o método de superposição de 
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modelos (WSBF ou PRBF) pode influenciar no resultado da sobreposição dos 
modelos de set ups. É importante estabelecer estruturas estáveis  como referência 
para avaliar a acurácia e a previsibilidade de set ups ortodônticos.
A forma do arco do paciente deve ser preservada ou corrigida de acordo 
com o diagnóstico e o planejamento do tratamento ortodôntico. Um modelo de 
gesso é a ferramenta tradicionalmente usada para determinar a melhor forma do 
arco dentário a partir de um diagrama de forma de arcos. Com a introdução de 
modelos digitais, a acurácia da definição da forma de arco por meio de programas 
específicos deve ser testada para verificar se a forma de arco para pacientes 
ortodônticos pode ser determinada com acurácia similar em modelos de gesso por 
meio de diagramas ou em modelos digitais por meio de programas de computador. 
No capítulo 5, comparamos a acurácia na utilização de diagramas pré-fabricados 
em modelos de gesso e diagramas digitais customizados em modelos digitais. Vinte 
pares de modelos de gesso foram selecionados aleatoriamente e escaneados para 
adquirir os respectivos modelos digitais. Três examinadores definiram a forma 
do arco no arco inferior desses modelos selecionando o diagrama pré-fabricado 
ideal em cada modelo de gesso ou confeccionando um arco digital personalizado 
nos modelos digitais usando uma ferramenta de customização de forma de arco 
digital com o programa Ortho Analyzer. Cada diagrama de forma de arco digital 
foi exportado individualmente por meio de um relatório gerado em formato PDF 
pelo programa. O método de melhor ajuste, selecionando a região central anterior 
como referência, foi usado para sobrepor as duas formas de arco usando o programa 
Photoshop. As diferenças entre as formas de arco sobrepostos foram avaliadas 
dividindo os diagramas em 6 segmentos (regiões anterior, pré-molares e molares 
nos lados esquerdo e direito). Uma diferença de magnificação foi observada entre 
a forma de arco no relatório em PDF e o tamanho real dos modelos utilizados. Em 
média, o tamanho dos arcos das amostras nos relatórios foram 39,52% maiores 
(entre 39,10% a 40,22%) em relação às dimensões reais dos modelos digitais. Essa 
magnificação foi corrigida em cada forma de arco digital para padronizar uma 
proporção real de 1:1, permitindo assim uma comparação por sobreposição nas 
formas de arco selecionadas nos modelos de gesso. Felizmente, esse problema 
de magnificação no relatório foi corrigido em uma versão mais atualizada do 
programa Ortho Analyzer. A espessura da linha em ambos os diagramas era de 
0,50 mm e as maiores diferenças entre as duas formas de arco em cada região 
determinada foram avaliadas após a superposição das formas do arco. Uma 
expansão da forma de arco digital customizada comparada com o diagrama pré-
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fabricado para o modelo de gesso foi definida como um valor positivo, enquanto 
uma contração da forma de arco digital customizada foi determinada como um 
valor negativo. Diferenças de 0 a 1,00 mm foram consideradas clinicamente 
insignificantes e aquelas maiores que 1,00 mm foram consideradas clinicamente 
significantes. Os resultados deste estudo demonstraram que as maiores diferenças 
entre as superposições dos diagramas nas regiões anterior e pré-molar foram 
clinicamente insignificantes. As maiores diferenças foram encontradas na região 
molar direita por todos os examinadores e foram consideradas clinicamente 
significantes. Quando as regiões molares nos lados esquerdo e direito foram 
comparadas, as maiores diferenças na região do primeiro molar para ambos os 
lados não foram consideradas clinicamente significantes. No entanto, para a região 
do segundo molar, foram encontradas diferenças clinicamente significantes por 
todos os examinadores no lado direito, e pelas medidas realizadas somente pelo 
examinador 2 no lado esquerdo. Em geral, as formas de arco digital customizadas 
estavam mais expandidas, quando comparadas aos diagramas pré-fabricados 
selecionados nos modelos de gesso. Os resultados dos coeficientes de correlação 
intraclasse das medidas entre examinadores mostraram uma correlação fraca na 
região de pré-molares e correlações moderadas nas regiões anterior e molar. Essas 
diferenças podem ser causadas pelo método subjetivo de definição de forma de 
arco para ambos os modelos de gesso e digital por cada examinador, especialmente 
em arcos assimétricos na região de pré-molares. No entanto, essas diferenças não 
irão influenciar a forma final do arco após o tratamento ortodôntico. Além disso, o 
uso de formas de arco digitais customizadas nos modelos digitais permite a criação 
de uma forma de arco que se adapta melhor em mais áreas do arco dentário, 
ajustando-se melhor na área do segundo molar comparada aos diagramas pré-
fabricados selecionados nos modelos de gesso. Pode-se concluir que o método 
digital de definição de forma de arco pode substituir ou mesmo aprimorar o 
método convencional de seleção de forma de arco utilizado para modelos de gesso.
A substituição de modelos de gesso por modelos prototipados é o próximo 
passo na transição da ortodontia convencional para a digital. Portanto, a acurácia 
dos modelos impressos a partir de diferentes técnicas de prototipagem deve ser 
aferida. Os capítulos 6 e 7 exploram a acurácia dos modelos prototipados em 
ortodontia. O estudo do capítulo 6 comparou medições em modelos de gesso 
a partir de moldagens de alginato e modelos prototipados a partir de modelos 
digitais adquiridos por escaneamento intrabucal. Neste estudo, 28 voluntários 
foram selecionados e moldagens de alginato e escaneamentos intrabucais foram 
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realizados para a respectiva obtenção dos modelos de gesso e dos modelos digitais 
de suas dentições. Os modelos digitais foram impressos com uma impressora 3D 
por estereolitografia (SLA) com uma base em formato de ferradura, comumente 
empregada para fabricação de alinhador termoplástico. Dois examinadores 
calibrados mediram distâncias com um paquímetro digital (diâmetro mesiodistal, 
altura da coroa dentária, distância intercaninos e intermolares superiores e 
inferiores, overjet, overbite e relação sagital do lado direito e esquerdo) nos 
modelos de gesso e prototipados. A comparação do erro intraexaminador 
demonstrou uma excelente acurácia das medidas para ambos os examinadores. O 
resultado do teste t pareado não apresentou diferenças clinicamente significantes 
nas medidas das dimensões dos dentes (diâmetro mesiodistal e altura da coroa) 
entre os modelos de gesso e prototipado. Além disso, a relação interarcos (overjet, 
overbite e relação sagital) não revelou qualquer diferença clinicamente significante. 
No entanto, as dimensões transversais, especialmente as distâncias intermolares 
superiores e inferiores, apresentaram uma redução clinicamente significante nos 
modelos prototipados. Uma possível explicação para essas diferenças clinicamente 
significantes nas medidas transversais pode ser a contração do modelo durante a 
fase de pós-cura com luz ultravioleta. Esse procedimento de pós-cura é necessário 
para modelos impressos com a técnica SLA, pois o modelo não é completamente 
curado durante a impressão. Portanto, concluiu-se que os modelos impressos com 
a técnica SLA utilizando uma base em forma de ferradura não podem substituir 
modelos convencionais de gesso obtidos a partir de moldagens de alginato em 
ortodontia, devido às suas reduzidas dimensões transversais clinicamente 
significantes na região posterior.
Intrigados com os resultados do estudo do capítulo 6, realizamos outra 
pesquisa para avaliar a influência de diferentes tipos de bases de modelos, 
utilizando duas diferentes técnicas de prototipagem para imprimir modelos 
digitais a partir do escaneamento intrabucal de 10 voluntários (capítulo 7). Três 
tipos de base de modelo (base regular, base em forma de ferradura e base em 
forma de ferradura com uma barra conectando a região posterior) foram usados  e 
estes modelos digitais foram impressos com duas técnicas diferentes de impressão 
3D (SLA e Polyjet). Os modelos prototipados foram comparados medindo-se 
parâmetros transversais (distâncias entre os caninos, primeiro e segundo pré-
molares e primeiro e segundo molares) e por superposição de modelos, após o 
escaneamento a laser de todos os modelos impressos. Os modelos prototipados 
com base regular foram considerados como “padrão ouro” para os dois métodos 
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de comparação: sobreposição de modelos e medição. De acordo com os resultados 
das medidas transversais, os modelos SLA com base em formato de ferradura 
apresentaram diferenças progressivas com valores menores da região anterior 
para a posterior em ambos os arcos, comparados aos outros tipos de base. Ambas 
as bases, regulares e em forma de ferradura com barra posterior, apresentaram 
distâncias transversais semelhantes com a técnica de impressão SLA. Os modelos 
Polyjet tiveram maior acurácia dos parâmetros transversais independentemente 
do modelo de base utilizado. De acordo com a sobreposição do modelo, apenas 
os modelos com base em formato de ferradura, impressos pela técnica de 
prototipagem SLA, apresentaram diferenças estatisticamente significantes em 
relação aos demais tipos de base. Os modelos impressos com a técnica Polyjet 
com os diferentes tipos de base não apresentaram diferenças estatisticamente 
significantes por meio da superposição de modelos. A desvantagem da técnica 
de impressão SLA mencionada na literatura é a necessidade de uma fase pós-
cura das partes impressas com luz ultravioleta para melhorar a estabilidade do 
objeto impresso. Modelos dentários impressos com técnica de impressão Polyjet 
são totalmente curados durante o processo de impressão. Pode-se sugerir que 
o período pós-cura pode afetar a acurácia dos modelos de SLA sem uma barra 
de conexão posterior ou uma base regular. A presença de uma barra de conexão 
posterior nos modelos com base em forma de ferradura ou com base regular 
evitou a contração transversal, como visto nos modelos com base em forma de 
ferradura, quando a técnica de prototipagem SLA foi utilizada.
No capítulo 8, os resultados dos seis estudos produzidos e os resultados 
disponíveis na literatura são discutidos. O futuro da ortodontia também é 
discutido. Pode-se esperar que a utilização da tecnologia digital proporcione 
benefícios para os ortodontistas. Algumas ferramentas digitais atualmente 
disponíveis podem promover melhores resultados e aumentar a previsibilidade do 
tratamento ortodôntico. A possibilidade de combinar ferramentas digitais, como 
as fotos 3D, modelos digitais e tomografias computadorizadas por feixe cônico, é 
promissora. Um fluxo de trabalho totalmente digital para ser utilizado ao longo 
de um tratamento ortodôntico é descrito nesta tese. É claro que a utilização da 
tecnologia digital em ortodontia necessita de um tempo para ser praticada 
rotineiramente na clínica. Um investimento financeiro e um investimento 
em tempo de aprendizado são indispensáveis  para a implementação do uso de 
scanners intrabucais, programas de manipulação de modelos digitais e impressoras 
3D. Uma curva de aprendizado também é necessária para que os ortodontistas, 
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equipe auxiliar e laboratórios odontológicos se beneficiem de todas as vantagens 
da ortodontia digital. Esta tese pode ser útil para os ortodontistas que pretendem 
adotar a tecnologia digital em sua prática clínica. No futuro, o uso da tecnologia 
digital em ortodontia, como apresentado nesta tese, certamente aumentará.
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